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Abstract 
The biotechnology industry requires high - capacity protein manufacturing 
processes that retain protein functionality. Large - scale countercurrent J- type 
centrifuges have been developed by the Brunel Institute for Bioengineering that 
successfully purify small organic molecules using aqueous - organic phase 
systems. Aqueous two - phase systems (ATPS) have been used historically to 
purify bio-molecules whilst retaining their biological function. This thesis focuses 
on extending CCC to the separation of proteins, using a model ATPS of PEG- 
1000 and potassium dihydrogen phosphate to separate a mixture of lysozyme and 
myoglobin. 
Initial studies were on the behaviour of this phase system in aJ- type CCC 
centrifuge fitted with a multilayer column; the variable parameters examined were 
centrifuge rotational speed, mobile phase flow rate and direction, and type of 
mobile phase. A set of optimum conditions were identified that gave good 
retention and stability of the phases in the column. 
These conditions were applied to separate a mixture of the proteins lysozyme and 
myoglobin in the same centrifuge. However, the proteins did not elute as 
predicted from their equilibrium distribution ratios. It appears that the wave - like 
mixing and settling behaviour of the phases in the centrifuge was insufficient for 
the proteins to achieve equilibrium partitioning. 
A centrifugal partition chromatography (CPC) centrifuge was introduced to the 
study. This provided full protein separation, credited to the cascade phase mixing 
created by this design of centrifuge. The experimental parameters were used in an 
experiment on a pilot - scale CPC instrument. 
The CPC study was extended to the isolation of a target protein (phosphomannose 
isomerase) from a fermentation supernatant. CPC gave partial purification of the 
protein with retention of enzyme activity. 
This thesis demonstrates the importance of phase mixing in CCC, which has led to 
a new column design by BIB with the potential of industrial - scale protein 
purifications. 
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Chapter 1- Introduction 
1.1. Aqueous Two - Phase Systems 
1.1.1. History of Aqueous Two - Phase Systems 
Aqueous two - phase systems (ATPS) were first reported by the Dutch 
microbiologist Beijerinck, who had observed that aqueous solutions of gelatine 
and agar (starch) formed two liquid phases when mixed together (Beijerinck, 
1896). The phenomenon was then largely overlooked until the Swedish 
biochemist Per-Ake Albertsson experimented with polyethylene glycol (PEG) in 
an attempt to desorb chloroplast particles from hydroxylapatite grains suspended 
in potassium phosphate buffer during a chromatography experiment. Albertsson 
noted that the hydroxylapatite had been purged of chloroplasts, and that the PEG 
and salt buffer had formed two liquid layers. The chloroplasts themselves had 
concentrated in the liquid layer present on top of the phosphate buffer layer. This 
was the first experiment in which an aqueous liquid - liquid polymer two - phase 
system had been used for the partition of cell particles. Albertsson conducted 
further experiments using this PEG - potassium phosphate system with 
microorganisms (e. g. Serratia marcescens and Chlorella pyrenoidosa) and 
various types of plant cell particles (e. g. starch grains and chloroplast fragments). 
He observed that partition was selective, and that the particles collected in one of 
the two phases or at the interface (Albertsson, 1956a, 1956b). 
Over the following two decades, Albertsson and collaborators developed and 
applied several types of aqueous liquid - liquid polymer two - phase systems to 
separating viruses, cells, and cell organelles. The partitioning of proteins in these 
phase systems was also investigated; a successful countercurrent distribution 
(CCD) experiment using a PEG - dextran system was carried out, opening the 
way for ATPS purification of proteins (Albertsson and Nyns, 1959,1961) (refer to 
Section 1.3.1 for an explanation of CCD). 
Work was also conducted during this period on elucidating the factors governing 
partition, such as molecular weight of the polymers (Albertsson, 1958a, 1958b), 
ionic composition (Albertsson and Nyns, 1959,1961), and the relationship 
between the partition coefficient and the surface area of proteins and viruses 
(Albertsson, 1958b, 1962b; Albertsson and Frick, 1960). It was discovered that 
small changes in the ratio of ions within a system caused large shifts in the 
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partition of proteins, nucleic acids and cell particles. It had been assumed that in a 
polymer - polymer system (such as PEG - dextran) the salts partitioned equally 
between the phases. Work by Johansson (1970a) showed some salts partitioned 
more equally than others; this inequality in distribution of ions created a small 
electrical potential between the phases (Albertsson, 1971a) that had a strong 
influence on the partition of charged entities such as proteins, nucleic acids and 
cell particles. 
Researchers during this period also noted the potential of scaling - up the 
partitioning process. A PEG - dextran system was used to purify a DNA 
polymerase from a bacterial cell extract (Okazaki and Kornberg, 1964); this 
example was used as a model for large - scale biotechnological application of 
phase partition to enzyme purification. The experiments on chloroplasts and cells 
demonstrated that the phase systems used are mild towards fragile organelles and 
cells. This is due to their high water content, low interfacial tension (Ryden and 
Albertsson, 1971), and a general protective effect of the polymers. 
By the early 1970s, the basic knowledge of ATPS had sufficiently developed for 
the method to be applied in the fields of biochemistry, molecular biology, cell 
biology and biotechnology (refer to Section 1.1.3). Research into the 
fundamentals of these systems continued, covering such areas as the role of water 
structure on phase separation (Gupta et al, 2002), the kinetics of phase separation 
(Kaul eta!, 1995; Solano-Castillo and Rito-Palomares, 2000), the 
thermodynamics of phase separation (Großmann and Maurer, 1995; Großmann et 
al, 1995; Zafarani-Moattar and Sadeghi, 2001), and how temperature affected 
phase equilibrium (Hartounian et al, 1993). Physicochemical properties of phase 
systems were also reported, such as interfacial tension (Mishima et al, 1998), 
phase composition, viscosity, and density (Snyder et al, 1992). 
1.1.2. Definition and Examples of Aqueous Two - Phase Systems 
Aqueous two - phase systems can be defined as a mixture of two polymers (or 
one polymer and a salt) present above certain concentrations in an aqueous 
medium that separates into two phases (Hatti-Kaul, 2000). These systems can be 
further subdivided, depending on the nature of the polymer(s) and the identity of 
the salt and are extensive in number and type; some examples are given in Table 
1.1.2a. 
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Table 1.1.2a: Examples of aqueous two - phase systems (Albertsson, 1971b). 
Type of Phase System Examples 
Non - ionic polymer: Non - ionic (1) Polyethylene glycol: Dextran 
polymer (2) Methylcellulose: Dextran 
Polyelectrolyte: Non - ionic polymer Sodium carboxymethyldextran: 
Pol in lalcohol 
Polyelectrolyte: Polyelectrolyte Sodium dextran sulphate: Sodium 
carbox eth lcellulose 
Polymer: Low Molecular Weight (1) Polyethylene glycol: Potassium 
Component phosphate 
(2) Polypropylene glycol: Glucose 
In recent years, particular attention has been given to the use of thermosensitive 
polymers e. g. poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO). The 
PEO - PPO random copolymer has a decreased solubility in water at higher 
temperatures. When heated above the lower critical solution temperature (LCST), 
this system will form into two layers: a lower layer consisting of PEO - PPO, and 
an aqueous upper layer. The temperature at which this occurs is known as the 
cloud point (CP) of the polymer. Using these systems has several advantages. The 
low salt concentrations involved reduces the risk of salting out the protein, the 
polymers can be recycled, and the target protein is recovered in an aqueous 
solution, which facilitates downstream processing (Li and Peeples, 2004). 
Examples of these systems are given in Table 1.1.2b. 
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Table 1.1.2b: Examples of the use of ATPS containing thermosensitive polymers. 
Phase System(s) Protein(s) Reference 
PEO-4000: dextran, Ribonuclease A, Carlsson et al 
Ucon 50-HB-5100: dextran Mo lobin (1993) 
E020P080: dextran T-500 Glucose-6-phosphate Alred et al 
dehydrogenase, (1994) 
Hexokinase, 
3- hos ho 1 Gerate kinase 
Ucon 50-HB-5 100: Bovine serum albumin, Berggren et al 
hydroxypropyl starch, Lysozyme, (1995) 
E030P07o: hydroxypropyl ß-lactoglobulin A, 
starch Myoglobin, 
C ochrome c 
E030P070: dextran T-500, Bovine serum albumin, Johansson et al 
Ucon 50-HB-5100: Lysozyme (1996) 
dextran T-500 
5.0% E0soP05o: 5.0% HM- Bovine serum albumin, Persson et al 
EOPO (hydrophobically Lysozyme, (1999) 
modified copolymer of EO and Apolipoprotein A-1 
PO 
E020P080: Na2HPO4 ß-xylosidase Pan and Li 
(2001) 
7.1% dextran: 6.8% E030P070 a-Chymotrypsinogen A, Berggren et al 
9.0% dextran: 9.0% E030P070 Cytochrome c, (2002) 
Ribonuclease-A, 
a-Lactalbumin, 
Lysozyme, 
Myoglobin, 
a-Ch o sin 
7.1% dextran: 6.8% E030P070 Lactate dehydrogenase Fexby and 
Billow (2002) 
Ucon 50-HB-5100 (random Endo-polygalacturonase Pereira et al 
copolymer of 50% EO + 50% (2003) 
PO): polyvinyl alcohol, 
Ucon 50-HB-5100: 
hydroxypropyl starch, 
Ucon 50-HB-5100: Ha 2SO4 
20.0% PEO-PPO-2500: Recombinant thermostable Li and Peeples 
7.0-15.0% 2SO4 a-amylase JA1 (2004) 
Random copolymer EOPO: Bovine serum albumin, Bolognese et al 
maltodextrin Lysozyme, (2005) 
Trypsin 
The theoretical basis of phase separation is complex. In polymer - polymer 
systems, it is attributed to the high molecular weight of the polymers combined 
with interaction between the segments of these molecules (Flory, 1953; 
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Albertsson, 1986). The phase separation that occurs is driven by the change in 
enthalpy when the polymers interact (Flory, 1953). 
In polymer - salt systems, phase behaviour in strongly influenced by the type of 
salt and its concentration; addition of a salt to a single polymer in solution will 
induce phase separation to yield a salt - rich, polymer - poor lower phase and a 
salt - poor, polymer - rich upper phase (Albertsson, 1986, Walter et al, 1985, and 
Abbot et al, 1990). The relative effectiveness of various salts in creating phase 
separation follows the Hofineister series -a classification of ions based on their 
salting - out ability (Ananthapadmanabhan and Goddard, 1987). The Hofmeister 
series is based on the nature of the salt anion. Small multivalent anions with high 
- charge density (e. g. sulphate and phosphate) do not interact closely with the 
polymer molecules. This leads to regions around the polymer molecules that do 
not contain salt ions; these regions are the basis for the formation of the two - 
phase system (Abbot eta!, 1990; Huddleston et al, 1991). 
Some typical polymer - salt systems used in protein purification are shown in 
Table 1.1.2c. 
Table 1.1.2c: Selected examples of typical polymer - salt ATPS used in protein 
purification. 
Phase System(s) Protein(s) Reference 
10.3% w/w PEG-1450: 12.01% w/w a-amylase, de Belval et al 
potassium phosphate (in the ratio 18: 7 w/w Bovine serum (1998) 
K2HP04: KH2PO4) albumin, 
a-chymotrypsin, 
Cytochrome c, 
Lysozyme, 
Myoglobin, 
Ribonuclease-A 
10-30% w/v PEG-1500: 20% w/v MgSO4 ß-xylosidase Pan et al 
10-30% w/v PEG-1500: 20% w/v (2001) 
(NH4)2SO4 
25-30% w/v PEG-1500: 20% w/vNaH2PO4 
25-30% w/v PEG-1500: 20% w/v Na2HP04 
PEG-1500: K2HPO4 Lysozyme, Haghtalab et 
PEG-4000: K2HPO4 Bovine serum al (2003) 
PEG-1500: Na2SO4 albumin 
PEG-4000: Na2SO4 , a-amylase 
(Compositions = various % w/w 
20% w/w PEG-2000: 15% W/W (NH4)2SO4 Recombinant Li and 
10% w/w PEG-2000: 18% w/w (NH4)2SO4 thermostable a- Peeples 
am lase (MJA1 2004 
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PEG - salt systems are preferred for protein extraction, both for economic reasons 
and because they tend to be more selective than polymer - polymer systems 
(Vemau and Kula, 1990). The use of phosphates and sulphates has led to high 
concentrations in effluent discharge, and hence to environmental concerns. One 
approach is to utilise citrate salts, as they are biodegradable and non - toxic 
(Vemau and Kula, 1990), and research into phase systems using these salts has 
been conducted (refer to Table 1.1.2d). 
Recycling the chemicals from aqueous two - phase systems has also been 
investigated as a means of lessening the environmental impact of these phase 
systems (Hustedt, 1986; Papamichael et al, 1992). 
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Table 1.1.2d: Examples of the use of ATPS containing citrate salts. 
Phase System(s) Protein(s) Reference 
PEG-(400,1550,4000,6000, Alcohol dehydrogenase, Verhau and 
12000,20000): sodium citrate Glucose-6-phosphate Kula (1990) 
dehydrogenase, 
Alanine dehydrogenase, 
Leucine dehydrogenase, 
Oxynitrilase 
PEG-1500: sodium citrate BSA Franco et al 
1995 
PEG-(1500,4000): sodium Thaumatin derivatives Miranda et al 
citrate (1996) 
PEG-(1000,3350): sodium Penicillin acylase Marcos et al 
citrate (1998) 
PEG-(600,1450,3350): Porcine insulin Alves et al 
sodium citrate (2000) 
PEG-4000: sodium citrate a-amylase, Andrews et al 
Amyloglucosidase, (2005) 
BSA, 
a-Chymotrypsinogen A, 
Conalbumin, 
Invertase, 
a-Lactalbumin, 
Lysozyme, 
Ovalbumin, 
Subtilisin, 
Thaumatin, 
Trypsin inhibitor 
PEG-4000: sodium citrate a-am lase Zhi et al (2005) 
PEG-(1000,1450,3350): BSA, Boaglio et al 
sodium citrate a-Lactoalbumin, (2006) 
a-1 Antitrypsin, 
-Lacto lobulin 
PEG-1500: sodium citrate Lysozyme Su and Chiang 
(2006) 
PEG-2000: potassium citrate Not applicable* Jayapal et al 
(2007) 
PEG-(600,1000,1450,3350, Trypsin, Tubio et al 
8000): sodium citrate a-Ch o sin 2007 
* This was a study of the liquid - liquid equilibrium of this phase system and did 
not involve proteins. 
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1.1.3. Applications and Advantages of Aqueous Two - Phase Systems 
Aqueous two - phase systems have a number of advantages over conventional 
extraction processes that have resulted in their use in a number of biological 
applications. The aqueous nature of both phases creates a gentle, non - denaturing 
environment for biomaterials (when compared with aqueous - organic solvent 
systems). Interfacial tension is low, typically 0.0001 to 0.1 dyne cm" (compared 
with 1 to 20 dyne cm 1 for aqueous - organic solvent systems). This creates a high 
interfacial contact area when the phases are mixed, and thus efficient mass 
transfer of bioparticles. Low interfacial tension also minimises denaturation of 
proteins, allowing proteins to retain structure and function. The polymers 
themselves are known to have a stabilising influence on particle structure and 
biological activities (Albertsson, 1986). 
ATPS has, since the early 1970s, become a powerful tool in a number of 
applications: 
1) The fractionation of cells into subpopulations (Walter et al, 1985, Walter and 
Johansson, 1994). 
2) Determining the surface hydrophobicity and the isoelectric point of proteins 
(by cross - partitioning) (Walter and Johanson, 1994, Chapter 20). 
3) Detection and quantification of biochemical reactions (Backman, 2000). These 
techniques rely on the fact that the free and bound forms of the interacting 
molecules (reagents and products) will partition differently in the two phases of an 
ATPS. By measuring the concentrations of these molecules in each phase, 
information on the stoichiometry of the reaction can be obtained. This technique 
has been used to characterise the binding of calmodulin to non - erythroid 
spectrin (Björk et al, 1995). 
4) Concentration and purification of biomolecules, including soluble and 
membrane - bound proteins, viruses, amino acids and nucleic acids e. g. DNA 
(Hatti-Kaul, 2000). 
5) In extractive bioconversion, where a biochemical reaction takes place in one 
phase and the product is extracted into the other. Suitable partitioning of enzyme, 
substrate and product can shift the equilibrium of the reaction positively, making a 
high degree of conversion possible. Disadvantages include contamination of the 
product with the phase components, and reduction of the reaction rate if the these 
components are present in high concentrations (Hustedt et al, 1985). 
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Extractive bioconversion has been used to produce glucose-6-phosphate from 
glucose by the reaction of hexokinase in a PEG - dextran system (Yamazaki and 
Suzuki, 1979). A PEG - phosphate system has been used to support the 
conversion of the amino acid N-acetyl-L-methionine to L-methionine by acylase 
(Kuhlmann et al, 1980). 
6) In environmental remediation, where ATPS is used to remove environmentally 
- harmful substances from industrial discharge (Hatti-Kaul, 2000). 
7) The application of ATPS that has attracted the most interest in biotechnology is 
its use in the isolation of proteins from crude feedstocks (Table 1.1.3a). 
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Table 1.1.3a: Selected examples of the use of ATPS in the isolation of proteins 
from crude feedstocks. 
Phase System(s) Protein(s) Type of Reference 
Feedstock 
4.8%-26.2% w/w PEG-6000: ß-galactosidase Cell lysate of Veide et al 
5.5%-12.0% w/w potassium E. coil (1983) 
phosphate 
PEG-(400,1550,4000,6000, Alcohol Bakers' yeast Vernau and 
12000,20000): sodium citrate dehydrogenase, (S. cerevisiae) Kula (1990) 
Glucose-6- preparation. 
phosphate B. cereus cell 
dehydrogenase, fermentation. 
Alanine Almond bran 
dehydrogenase, (Plazenta A. 
Leucine amararum 
dehydrogenase, pule. ) 
Oxynitrilase 
7.0% w/v PEG-6000: Thaumatin Cell lysate of Cascone et al 
phosphate, 1.2M NaCl, H7 E. coil (1991) 
PEG (600,1450,4000,6000): IgG Murine Andrews et 
sodium/potassium phosphate hybridoma al (1996) 
culture 
supernatant 
PEG (1000,3350): sodium Penicillin acylase Cell lysate of Marcos et al 
citrate E. coil (1998) 
5.0% E050P05o: 5.0% HM- Bovine serum E. coil Persson et al 
EOPO (hydrophobically albumin, fermentation (1999) 
modified copolymer of EO Lysozyme, solution 
and PO A oli o rotein A-1 
7.0% w/w PEG-8000: 7.0% ß-glucosidase Fermentation Brumbauer et 
w/w Dextran T500 supernatant al (2000) 
from various 
strains of the 
fungi 
Aserillus 
27.0% w/w PEG-1000: 14.0% Fumarase Brewers' Rito- 
w/w K2HPO4, pH 9.0 Pyruvate yeast Palomares 
Bulk protein suspension and Lyddiatt 
(disrupted) (2000) 
E02oPO8o: Na2HP04 ß-xylosidase Fermentation Pan and Li 
supernatant (2001) 
from the fungi 
Trichoderma 
koningli 
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Table 1.1.3a: Continued 
Phase System(s) Protein(s) Type of Reference 
Feedstock 
10-30% w/v PEG-1500: 20% ß-xylosidase Fermentation Pan et al 
w/v MgSO4 supernatant (2001) 
10-30% w/v PEG-1500: 20% from the fungi 
w/v (NH4)2S04 Trichoderma 
25-30% w/v PEG-1500: 20% koningii 
w/v NaH2PO4 
25-30% w/v PEG-1500: 20% 
w/v Na2HPO4 
Detergent - based polymers Cutinase Culture broth Rodenbrock 
e. g. Triton Xl 14 of S. et al (2001) 
cerevisiae 
Ucon 50-HB-5100 (random Endo - Fermentation Pereira et al 
copolymer of 50% EO + 50% polygalacturonase broth of the (2003) 
PO): polyvinyl alcohol, Ucon yeast K. 
50-HB-5100: hydroxypropyl marxianus 
starch, 
Ucon 50-HB-5100: 
H4 2SO4 
20% w/w PEG-2000: 15% Recombinant Cell lysate of Li and 
w/w (NH4)2SO4 thermostable a- E. coli Peeples 
10% w/w PEG-2000: 18% amylase (MJAl) (2004) 
w/w (NH4)2S04 
20.0% PEO-PPO-2500: 
7.0-15.0% H4 2SO4 
4.4% w/w PEG-8000: 6.0% Glucosyltransferase Cell lysate of Yanagida et 
w/w Dextran T500 Streptococcus al (2004) 
mutans 
PEG-4000: sodium citrate a-amylase Cultivation Zhi et al 
supernatant of (2005) 
Bacillus 
subtilis 
1.1.4. Limitations of Aqueous Two - Phase Systems in Protein Purification 
Despite its many advantages, ATPS is not widely employed in protein purification 
for a number of reasons: 
1) There remains a generally poor understanding of the mechanisms of 
partitioning, making method development an empirical exercise, although some 
progress has been made in this field (Johansson et a1,1998). 
2) The amount of protein that can be dissolved in a phase system is usually 
limited to 1.0 mgml-' to 5.0 mgml"' (Table 1.1.4a). Saturation behaviour is 
observed as the protein concentration reaches this limit; further increase in protein 
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concentration causes the protein to precipitate at the interface, leading to reduced 
recovery (Engel et al, 2000). Both PEG and salt solutions are frequently used to 
precipitate proteins, however, under certain conditions, some proteins can be 
present in phase systems at relatively high concentrations without precipitating 
(refer to Table 1.1.4a). 
Table 1.1.4a: Selected examples of protein concentrations present in ATPS. 
Phase System(s) Protein(s) Protein Reference 
Conch 
m ml"1 
4.8%-26.2% w/w PEG-6000: ß-galactosidase 2.3 Veide et al 
5.5%-12.0% w/w potassium (1983) 
phosphate 
1) 20% w/w Dextran T500: 70% Feline Leukaemia 1) 31.0 Hammar et 
w/w PEG-6000 Virus proteins: gp70 2) 26.0 al (1989) 
2) 80% w/w Dextran T500: 20% (outer envelope 3) 9.3 
w/w polyvinyl alcohol protein) and p27 (a gag 4) 17.4 
3) 20% w/w Dextran sulphate: protein) 5) 22.7' 
70% w/w PEG-6000 
4) 40% w/w Dextran sulphate: 
48% w/w methylcellulose 
5) 40% w/w Dextran sulphate: 
20% w/w polyvinyl alcohol 
7.0% w/v PEG-6000: phosphate, Thaumatin 40.0 Cascone et 
1.2M NaCl, pH 7 al 1991 
PEO-4000: dextran Ribonuclease A, 0.2-0.5 Carlsson et 
Ucon 50-HB-5100: dextran Mo lobin al (1993) 
1.0% w/w hydroxyethyl BSA, 3.0 Dissing and 
cellulose: 4.0% w/w Myoglobin, 0.5 Mattiasson 
of eth leneimine Lactate deh dro enase 0.2 (1994) 
10.0% w/w PEG-4000: 11.5% a-amylase 12.3 Schmidt et 
w/w phosphate with 3% NaCI at al (1994) 
H7 
15.0% w/w PEG-1450: 14.0% IgG 1.0 Andrews et 
w/w sodium/potassium al (1996) 
phosphate, 12.0% w/w NaCl, pH 
7 
PEG-1450: potassium phosphate BSA, Ovalbumin 3.0 Huddleston 
PEG-1000: potassium phosphate , Lysozyme, et al (1996) 
Cytochrome c, 
Ribonuclease A , Myoglobin, 
a-amylase, 
a-chymotrypsin, 
Bovine 
methaemoglobin 
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Table 1.1.4a: Continued 
Phase System(s) Protein(s) Protein Reference 
Conch 
m ml'1 
6.0% w/w PEG-4000: 5.8% BSA, 0.5 Johansson et 
dextran T500 Lysozyme al (1996) 
6.0% E030/P070: 5.0% dextran 
T500 
10.3% w/w PEG-1450: 12.01% a-amylase, 1.0 (each de Belval et 
w/w potassium phosphate (in the Bovine serum albumin, protein) al (1998) 
ratio 18: 7 w/w K2HPO4: a-chymotrypsin, 
KH2PO4) Cytochrome c, 
Lysozyme, 
Myoglobin, 
Ribonuclease-A 
E020POgo: Na2HPO4 ß-xylosidase 1.12 Pan and Li 
(2001) 
10-30% w/v PEG-1500: ß-xylosidase 1.08 Pan et al 
20% w/v MgSO4 (2001) 
10-30% w/v PEG-1500: 
20% w/v (N" )2SO4 
25-30% w/v PEG-1500: 
20% wlv NaH2PO4 
25-30% w/v PEG-1500: 
20% w/v Na2HP04 
12.5% w/w polyethyleneoxide- Lysozyme, 1.0 Kajiuchi et 
maleic acid: 12.5% w/w Conalbumin, al (2002) 
potassium phosphate Ovalbumin 
PEG-1500: K2HP04 Lysozyme, 2.0 Haghtalab et 
PEG-4000: K2HPO4 Bovine serum albumin, al (2003) 
PEG-1500: Na2S04 a-amylase 
PEG-4000: Na2SO4 
(Compositions = various % w/w 
10.0% w/w PEG-1540: 14.8% Horseradish 2.0-4.0 Magri et al 
w/w KH2PO4 /K2HP04 with 2 peroxidase (total (2003) 
mol kg'' NaCl protein) 
PEG-1500/4000/6000: BSA, 1.0 Dallora et al 
ammonium carbamate T sin, Lys zyme 2007 
* There is a considerable quantity of literature on enzyme purification using 
ATPS that reports protein (enzyme) concentration in terms of Umg-1 and/or as 
specific activity (e. g. as pmol mg-1 min 1). Concentrations of non - enzymatic 
proteins are frequently reported as partition coefficients, rather than in terms of 
mass per unit volume. 
In addition, many protein concentrations reported are given for the concentration 
of protein in one of the two phases, rather than the complete phase system. 
For ease of comparison, only protein concentrations reported in mgml"1(or 
equivalent) for complete phase systems are included in Table 1.1.4a. 
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1.1.5. Phase Diagrams for Aqueous Two - Phase Systems 
In an aqueous mixture of two polymers, or a polymer and a salt, two phases will 
only form if these components are present above certain concentrations 
(Albertsson, 1971b). These concentrations at which phase separation occurs can 
be represented in a phase diagram, such as in Figure 1.1.5a, which shows a phase 
system of polymer P and salt S. 
3 
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Figure 1.1.5a: Example of a phase diagram for an ATPS. 
Conventionally, the component enriched in the top phase is plotted on the vertical 
axis; the component enriched in the bottom phase is plotted on the horizontal axis. 
The concentrations of each component are typically given in terms of percentage 
weight - for - weight (% w/w). The concentrations above which two phases form 
are represented by a line (usually a curve) called the binodal. A mixture of the two 
components whose concentrations lie on or above the line will form two phases; a 
mixture that lies below the line will remain as a homogenous solution e. g. in 
Figure 1.1.5a, a mixture at point A will form two phases; a mixture at point B will 
remain as a single phase. 
The concentration of polymer and salt in the single phase solution B can be 
obtained from the graph axes. Point A on the diagram represents the total 
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Concentration Salt S ('% wlw) 
composition of a solution that will separate into two phases. The composition of 
the upper phase is given at point U on the binodal, and that of the lower phase at 
point L. Points U and L are termed nodes. The line drawn joining the nodes 
together and passing through point A is called a tie - line. Any systems with a 
total composition that falls on this tie - line will separate into two phases with 
compositions defined by U and L. The lever arm rule states that the relative 
volumes of the top and bottom phases will differ, however, since the ratio of the 
weights (approximately equal to the volumes) of the upper and lower phases is 
given by the ratio of the lengths of AL to A U. 
A series of tie - lines drawn to approach the binodal (U'L' and U"L" in Figure 
1.1.5a) will eventually reach the critical point (Kin Figure 1.1.5a). A system at 
the critical point will just separate into two phases of equal volume and 
composition, and be represented by a vanishingly small tie - line. All 
compositions at the binodal are also critical compositions; however it is only at 
the critical point that the volume ratio of upper and lower phase equals 1. 
The constituents of a phase diagram, namely the binodal, nodes and tie - line, are 
determined experimentally (Albertsson, 1971b) by analysing the composition of 
the upper and lower phases. Techniques used include: refractive index 
measurement, polarimetry (for optically active polymers e. g. dextran), radioactive 
labelling of the polymer(s) and total carbon measurement (e. g. for PEG). Salt ion 
concentrations can be determined by ion chromatography and conductivity 
measurements (Walter et al, 1985). Also employed are wet weight measurements 
such as turbidometric titration and the cloud point method (Kaul, 2000). These 
techniques determine the binodal by recording the mass of stock solutions of 
known concentration required to produce the formation of, respectively, a one - 
phase system and a two - phase system. 
Aqueous two - phase systems are temperature - dependent, therefore a phase 
system must be prepared under temperature - controlled conditions. Likewise, 
determination of the constituents of the phases must take place under temperature 
control, and the resulting phase diagram should report that temperature. 
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1.1.6. Preparation of Aqueous Two - Phase Systems 
The preparation of polymer - polymer and polymer - salt aqueous two - phase 
systems is quite straightforward. Typically, stock solutions of the phase 
components are prepared and mixed in appropriate amounts (by weight) in a 
separating funnel. The system is allowed to attain the required temperature then 
mixed thoroughly to form an emulsion. Separation into the two phases also occurs 
in temperature - controlled conditions either under gravity or by centrifugation 
(Hatti-Kaul, 2000). For PEG - salt systems, an "all - in - one" method can be 
adopted, where the polymer, dry salt and water are measured into one vessel in 
proportions that are present in the phase system overall. They are then allowed to 
separate under temperature - controlled conditions. A phase system is quicker to 
produce by this method, however it is not generally suitable for systems that 
include dextran. This is for two reasons: dextran is generally. not a dry material, 
and therefore the concentration in a stock solution must first be determined by 
polarimetry in the absence of other components; dextran can require warming to 
dissolve into solution, and it is preferable not to have the other components of the 
phase system present. 
After separation, the phases can be stored using a refrigerator or freezer, but must 
be brought to operational temperature before use. 
1.1.7. Physicochemical Properties of Aqueous Two - Phase Systems 
Aqueous two - phase systems possess a number of physiochemical properties, the 
measurement of which can provide insight into the mechanisms responsible for 
the partition behaviour observed. In addition, such measurements can be used as a 
quality control procedure when working with batch quantities of a phase system to 
ensure the reproducibility of a phase system is maintained (Brooks and Norris- 
Jones, 2000). 
Measurement of the interfacial tension between the phases is a popular method for 
quality control, as this property is very sensitive to the composition of the phases 
(Ryden and Albertsson, 1971). Other physicochemical properties that can be 
measured include: electrostatic potential difference between the phases; phase 
viscosity; phase density. 
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1.1.8. Single - Step Partitioning of Proteins in Aqueous Two - Phase Systems 
The partitioning of a protein between the two phases of an ATPS is determined by 
the interactions between the protein and the phase components (Albertsson et al, 
1990). The factors that determine partition of a protein are as follows: 
A) Properties of the protein: 
1) The molecular mass or surface area of the protein 
2) The protein surface charge 
3) Hydrophobicity of the protein -a relatively hydrophobic protein will favour the 
more hydrophobic of the phases 
4) Biospecificity - the attraction between certain sites on the surface of the protein 
and affinity ligands localised in one phase e. g. PEG - ligands in a PEG - rich 
phase 
5) Conformation of the protein (including the chiral form) 
B) Properties of the phase system: 
1) Concentration and molecular weight of the polymers used 
2) Concentration and identity of the salts used (these will also determine the pH of 
the system, which in turn will influence protein partitioning) 
3) Electrochemical potential between the phases 
The molecular and chemical features important in PEG - salt aqueous two - phase 
partition are summarised in Figure 1.1.8a. 
The partition of a protein in an ATPS is described by the partition coefficient, K. 
This is defined as: 
K= Concentration of the Protein in Upper Phase [Equation 1.1.8a] 
Concentration of the Protein in the Lower Phase 
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A number of proteins have been subjected to the single - step partition process, 
using a variety of ATPS (refer to Table 1.1.8a). 
Table 1.1.8a: More recent examples of the use of ATPS in single - step partition 
to purify proteins. 
Phase System(s) Protein(s) Reference 
PEG-(400,1550,4000,6000, Alcohol dehydrogenase, Vernau and Kula (1990) 
12000,20000): sodium Glucose-6-phosphate 
citrate dehydrogenase, 
Alanine dehydrogenase, 
Leucine dehydrogenase, 
Oxynitrilase 
7.0% w/v PEG-6000: Thaumatin Cascone et al (1991) 
phosphate, 1.2M NaCl, H7 
PEO-4000: dextran, Ribonuclease A, Carlsson et al (1993) 
Ucon 50-HB-5 100: dextran Mo lobin 
E020P08o: dextran T-500 Glucose-6-phosphate Alred et al (1994) 
dehydrogenase, 
Hexokinase, 
3-phosphoglycerate 
kinase 
10.0% w/w PEG-4000: a-amylase Schmidt et al (1994) 
11.5% w/w phosphate with 
3% NaC1 at pH pH 
Ucon 50-HB-5 100: Bovine serum albumin, Berggren et al (1995) 
hydroxypropyl starch, Lysozyme, 
E030P070: hydroxypropyl ß-lactoglobulin A, 
starch Myoglobin, 
C ochrome c 
PEG-1500: sodium citrate BSA Franco et al 1995 
PEG-(600,1450,4000, IgG Andrews et al (1996) 
6000): sodium/potassium 
phosphate 
E030P07o: dextran T-500, Bovine serum albumin Johansson et al (1996) 
Ucon 50-HB-5 100: , Lysozyme 
dextran T-500 
PEG-(1500,4000): sodium Thaumatin derivatives Miranda et al (1996) 
citrate 
PEG-(1000,3350): sodium Penicillin acylase Marcos et al (1998) 
citrate 
5.0% E050POso: 5.0% HM- Bovine serum albumin Persson et al (1999) 
EOPO (hydrophobically , Lysozyme, 
modified copolymer of EO Apolipoprotein A-1 
and PO 
PEG-(600,1450,3350): Porcine insulin Alves et al (2000) 
sodium citrate 
E020P080: Na2HPO4 -x losidase Pan and Li 2001 
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Table 1.1.8a: Continued 
Phase System(s) Protein(s) Reference 
10-30% w/v PEG-1500: 20% ß-xylosidase Pan et al (2001) 
w/v MgSO4 
10-30% w/v PEG-1500: 
20% w/V (NH4)2SO4 
25-30% w/v PEG-1500: 20% 
w/v NaH2PO4 
25-30% w/v PEG-1500: 20% 
w/v Na2HPO4 
7.1% dextran: 6.8% a-Chymotrypsinogen A, Berggen et al (2002) 
E030P070 Cytochrome c, 
9.0% dextran: 9.0% Ribonuclease-A, 
E030P070 a-Lactalbumin, 
Lysozyme, 
Myoglobin, 
a-Ch o sin 
7.1% dextran: 6.8% Lactate dehydrogenase Fexby and Billow (2002) 
E030P070 
PEG-1500: K2HPO4 Lysozyme, Haghtalab et al (2003) 
PEG-4000: K2HPO4 Bovine serum albumin, 
PEG-1500: Na2SO4 a-amylase 
PEG-4000: Na2SO4 
(Compositions = various % 
w/w 
Ucon 50-HB-5 100 (random Endo - Pereira et al (2003) 
copolymer of 50% EO + polygalacturonase 
50% PO): polyvinyl alcohol, 
Ucon 50-HB-5 100: 
hydroxypropyl starch, 
Ucon 50-HB-5100: 
Ha 2SO4 
20% w/w PEG-2000: 15% Recombinant Li and Peeples (2004) 
w/w (NH4)2SO4 thermostable a-amylase 
10% w/w PEG-2000: 18% (MJA1) 
W/W (NH4)2SG4 
20.0% PEO-PPO-2500: 
7.0-15.0% 2SO4 
PEG-4000: sodium citrate a-amylase, Andrews et al (2005) 
Amyloglucosidase, BSA, 
a-Chymotrypsinogen A, 
Conalbumin, Invertase 
, 
a-Lactalbumin, 
Lysozyme, 
Ovalbumin, 
Subtilisin, 
Thaumatin 
, T sin inhibitor 
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Table 1.1.8a: Continued 
Phase System(s) Protein(s) Reference 
Random copolymer EOPO: Bovine serum albumin, Bolognese et al (2005) 
maltodextrin Lysozyme, 
Trypsin 
PEG-(1000,1450,3350): BSA, Boaglio et al (2006) 
sodium citrate a-Lactoalbumin, 
a-1 Antitrypsin, 
-Lacto lobulin 
PEG-1500: sodium citrate L soz e Su and Chiang 2006 
PEG-1500/4000/6000: BSA, Dallora et al (2007) 
ammonium carbamate Trypsin, L soz e 
PEG-(600,1000,1450,3350, Trypsin, Tubio et al (2007) 
8000): sodium citrate a-Ch o sin 
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1.2. Chromatographic Theory 
1.2.1. Definition of Chromatography 
Chromatography is an analytical and preparative method used for the separation 
and determination of the proportions of chemical components in complex 
mixtures (Skoog et al, 1994). All chromatography methods involve the use of a 
stationary phase and a mobile phase. Components of a mixture are carried through 
the stationary phase by the flow of a gaseous or liquid mobile phase, separations 
being based on differences in migration rates among the sample components. 
A chromatogram (refer to Figure 1.2.1 a) is a graphical illustration of some 
function of solute concentration versus elution time or elution volume, and is 
useful in both qualitative and quantitative analysis. The positions of the peaks on 
the time or elution volume axis can be used to identify the components of the 
sample when compared with reference materials that have been subjected to 
chromatography under identical conditions to the sample. The areas under the 
peaks provide a quantitative measure of the amount of each species. 
S 
Q 
m 
U 
3 
0 
Time (min) 
Figure 1.2.1 a: Example of a chromatogram. 
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1.2.2. The Partition Ratio and Distribution Ratio in Liquid - Liquid 
Chromatography 
All chromatographic separations are based on differences in the extent to which 
solutes are partitioned between mobile and stationary phases (Skoog et al, 1994). 
For the solute species A, the equilibrium is: 
Amobile H Astationary [Equation 1.2.2x] 
Liquid - liquid chromatography employs two immiscible liquids to act as the 
stationary and mobile phases. It is governed by the same mathematical 
relationships found in chromatography in general. However, the absence of a solid 
stationary phase means that adsorption does not contribute to solute retention; 
separation is determined only by the partition coefficient of the solute in the 
solvent system used (Conway, 1990). 
Therefore, the partition coefficient K is defined as: 
K= Concentration of the solute in the stationary phase [Equation 1.2.2b] 
Concentration of the solute in the mobile phase 
The term distribution ratio D is used interchangeably with partition coefficient, 
and is generally replacing partition coefficient in the literature. 
The terms partition coefficient and distribution ratio are both used to describe the 
comparative concentrations of a solute between the upper and lower phase of a 
phase system. Distribution ratio tends to be used for single - step partition studies 
e. g. if the phase system and solute were in a test tube: 
D= Concentration of the solute in the upper phase 
Concentration of the solute in the lower phase 
[Equation 1.2.2c] 
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1.2.3. Retention of Solutes in Countercurrent Chromatography 
Countercurrent chromatography is a form of liquid - liquid chromatography (refer 
to Section 1.3). The chromatographic process in countercurrent chromatography 
involves the solutes present in a sample undergoing a number of transitions 
between the stationary phase liquid and the mobile phase liquid contained within a 
column (Berthod, 2002). The column can be visualised (for example) as a length 
of tubing, with the stationary phase held immobile within it, whilst the solutes 
enter and exit the column in the mobile phase. The solutes separate due to their 
differing affinities for the stationary phase. Those solutes with little affinity for 
the stationary phase will spend most time in the mobile phase, and exit the column 
fairly rapidly; those solutes with greater affinity for the stationary phase will 
spend comparatively more time in the stationary phase, and hence exit the column 
later. Hence a mixture of different solutes that enter the column simultaneously 
and as a mixture will exit it in a sequential fashion as single entities over a 
specific time period. 
Retention of a particular solute in the column can be given in terms of volume or 
time. The solute retention volume VR is given by: 
VR = VM +Kx Vs [Equation 1.2.3a] 
VM and Vs are the mobile and stationary phase volumes, respectively, inside the 
column, and K is the distribution ratio of that solute in that phase system. 
If the flow rate of the mobile phase is known (in addition to the values for VM, Vs 
and K), it is possible to calculate the retention time of the solute or conversely the 
time at which it is expected to elute from the column. 
The volume of a liquid - liquid chromatography column is always a known 
quantity; this value is either supplied by the manufacturer of the instrument or can 
be calculated by filling the system entirely with one phase of an (immiscible) two 
- phase system, and then displacing this phase with the other phase into a 
measuring cylinder - the system volume will be the volume of the first phase 
emerging from the column. The column volume Vc can be defined as: 
vc = VM + Vs [Equation 1.2.3b] 
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The stationary phase volume retention ratio, Sf, is given by: 
Sf=VS/VC [Equation 1.2.3c] 
In percentage terms: 
Sf = VS/VV X 100 [Equation 1.2.3d] 
Using equations [1.2.3b] and [1.2.3c], equation [1.2.3a] can be rewritten as: 
VR = Vc + (K-1) X Vs [Equation 1.2.3e] 
and 
VR = Vc + [1 +(K- 1) xSA [Equation 1.2.3f] 
The phase volumes inside the column and the stationary phase volume retention 
ratio (Sf) can be easily measured, hence these equations can be used to predict the 
position of the peak corresponding to a particular solute (providing its distribution 
coefficient K is known). Conversely, the K value of a solute can be calculated if 
its retention volume VR is known. 
If the distribution ratio (K) of a solute equals one (1), it has equal affinity for the 
mobile and stationary phase, and will partition equally between the two phases. 
This situation is equivalent to the column being filled with one phase only (or 
another solvent), and so the retention volume of the solute is the same as the 
column volume (Vc). 
If the distribution ratio (K) of a solute is less than 1, the solute favours the mobile 
phase, and so the corresponding peak will be located before the K=1 peak. 
If the distribution ratio (K) of a solute is greater than 1, the solute favours the 
stationary phase, and so the corresponding peak will be located after the K=1 
peak. 
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1.2.4. Column Efficiency in Countercurrent Chromatography 
The efficiency of a chromatographic column is related to the width of a peak on a 
chromatogram, and is described in quantitative terms by the rate theory of 
chromatography (Skoog et a1,1994). Qualitatively, the rate theory encompasses 
the random nature of the behaviour of each solute molecule whilst in the column, 
in terms of how much time is spend in each phase, and the path taken by it down 
the column. Some molecules will travel rapidly through the column, eluting first, 
because they have spent most of their time in the mobile phase. Conversely, those 
molecules spending most time in the stationary phase will travel slowly through 
the column, eluting last. The result of this random behaviour is a symmetrical 
spread of velocities around the mean value (seen as a Gaussian peak on the 
chromatogram) which represents the behaviour of the average solute molecule. 
Band broadening (the peaks become non - Gaussian) can occur if: 
" Too concentrated a sample is loaded onto the column 
9 Too great a volume of sample is loaded onto the column 
As the sample molecules travel down the column, they diffuse outwards from a 
more concentrated part of the solution to a more dilute part. Therefore in the 
centre of the peak the concentration of sample molecules is high, at the two edges 
of the peak, the sample molecule concentration is approaching zero. Molecules 
from a large and/or concentrated sample will move outwards into the column 
more than molecules from a small and/or dilute sample, thus leading to band 
broadening. 
Band breadth increases as it moves down the column, because more time is 
allowed for spreading by these various mechanisms to occur. Therefore, the width 
of a band is directly related to residence time in the column, and inversely related 
to the mobile phase flow rate. 
1.2.5. Column Resolution in Countercurrent Chromatography 
The resolution factor, Rs, quantifies the quality of a separation. A resolution factor 
value of 1.5 or above means that two adjacent peaks are fully separated (the 
detector response has returned to the baseline) (Figure 1.2.5a). 
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A resolution factor of less than 1.5 indicates some overlapping of the peaks 
(Figure 1.2.5b). 
d 
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Figure 1.2.5a: Example of a chromatogram of resolution ? 1.5. 
4 
U 
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0 
4 
Time (min) 
Figure 1.2.5b: Example of a chromatogram of resolution < 1.5. 
The resolution factor is calculated using the following equation: 
Rs=2 x AZ [Equation 1.2.5a] 
W, +W2 
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The values for AZ, W1 and W2 can be measured directly from the chromatogram: 
d 
a> U 
0 
y 
Time (min) 
Figure 1.2.5c: Example of a chromatogram showing parameters used to calculate 
the resolution factor. Rs. 
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1.3. Liquid - Liquid Chromatography 
1.3.1. Countercurrent Distribution 
Liquid - liquid chromatography utilises two immiscible solvents or phases to 
separate components of a mixture. Perhaps the simplest example of this process is 
found in single - step partition, where the separation is performed in a test tube, 
separating funnel, or similar container. The phase system is placed in the 
container and allowed to attain phase equilibrium under the prevailing conditions 
e. g. temperature. The sample is then added, and the container agitated so that the 
phase system and sample are thoroughly mixed. This process allows the 
components of the sample to distribute on the basis of their relative affinities for 
each of the phases. The system is then allowed to regain phase equilibrium, after 
which either the upper or lower phase is removed to a separate container for 
further processing, if necessary. 
Countercurrent distribution (CCD) is a multistage process based on a number of 
single - step partitions. It was pioneered in the 1950s by Lyman Craig, who 
devised several CCD instruments. In its simplest form, CCD comprises a series of 
test tubes. The process can best be explained with an example (Albertsson, 1986). 
A substance of mass 100 mg is distributed in a two - phase system in which its 
partition coefficient equals I. The volume ratio of the system is also 1. At 
equilibrium, the amount of substance in the upper phase equals that in the lower 
phase i. e. 50 mg in the upper phase and 50 mg in the lower phase (tube 0 at 
transfer 0t in Figure 1.3.1 a). 
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123 25 123 
123 25 123 
012 
Tube Number 
Figure 1.3.1a: Example of the CCD process using test tubes (according to Craig 
and adapted from Albertsson, 1986). Numbers inside the test tubes are the mass of 
substance in milligrams (mg). 
The upper phase of tube 0 is transferred to tube 1, containing fresh lower phase of 
equal volume. In addition, fresh upper phase of equal volume is added to the 
lower phase of tube 0. The two tubes are shaken, and after equilibrium is 
obtained, the substance will be distributed as in the second row of Figure 1.3.1a 
i. e. 25% of the original amount of the substance is in each phase. One transfer is 
now completed. 
The second transfer involves the upper phase of tube 1 being transferred to fresh 
lower phase in tube 2; the upper phase of tube 0 is transferred to tube 1, and fresh 
upper phase is added to tube 0. After equilibrium the substance will distribute as 
shown in the third row of Figure 1.3.1 a. 
This procedure may be repeated many times; with each transfer, the number of 
tubes increases by 1. 
When the sample contains two species with different partition coefficients for the 
phase system used, countercurrent distribution can be considered a form of 
chromatography. Each step in CCD involves the thorough mixing of all 
components, with the sample molecules transferring between the two phases, 
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before equilibrium is attained. If the sample includes macromolecules such as 
proteins, this thorough mixing greatly reduces problems such as with mass 
transfer (the inhibition of molecules to move between the phases due to their 
molecular size). The thorough mixing demonstrated in each CCD step also 
increases the rate of transfer of the sample molecules between the two phases; 
therefore equilibrium is attained much faster than if the phases were subjected to 
gentle mixing. CCD is perhaps the technique that allows the greatest exhibition of 
ideal, or theoretical, behaviour of the phase system and the sample molecules. For 
this reason, it is frequently used as a model of ideal behaviour when comparing 
the behaviour of countercurrent chromatography systems. 
A thin - layer CCD apparatus was developed by Albertsson that consisted of 60 
chambers cut out of a circular piece of Perspex (Albertsson, 1965). The advantage 
of the thin - layer design was that experimentally acceptable phase separation 
times (generally 5 to 10 minutes) could be achieved with PEG - dextran systems; 
these systems took considerably longer to separate in more conventional 
containers, such as test tubes. 
1.3.2. Countercurrent Distribution of Proteins 
CCD has been employed several times in the study of protein behaviour in 
aqueous two - phase systems (refer to Table 1.3.2a). 
Table 1.3.2a: Selected examples of the use of CCD with ATPS to purify proteins. 
Phase System(s) Protein(s) Reference 
5.0% w/w PEG-(6500, Hexokinase, Johanson et al 
8000): 7.0% w/w Dextran Glucose-6-phosphate (1984) 
T500 dehydrogenase, 
Phosphofructokinase, 
Glyceraldehydephosphate 
dehydrogenase, 
3-Phosphoglycerate 
kinase, 
Phosphoglycerate 
mutase, 
Enolase, 
Alcohol deh dro enase 
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Table 1.3.2a: Continued 
Phase System(s) Protein(s) Reference 
(Hydroxypropylstarch Catalase, Tjerneld et al 
polymer = PPT) ß-galactosidase (1986) 
14.0% w/w PPT: 5.0% 
w/w PEG-8000 
14.0% w/w PPT: 5.0% 
w/w PEG-20000 
8.0% w/w Dextran T500: 
6.0% w/w PEG-8000 
8.0% w/w Dextran T500: 
6.0% w/w PEG-20000 
10.8% w/w PEG-8000: ß-glucosidase Johansson and 
2.3% w/w Dextran T500 Reczey (1998) 
12.6% w/w PEG-8000: 
2.7% w/w Dextran T500 
14.5% w/w PEG-8000: 
3.1% w/w Dextran T500 
16.2% w/w PEG-8000: 
4.5% w/w Dextran T500 
18.0% w/w PEG-8000: 
4.9% w/w Dextran T500 
19.8% w/w PEG-8000: 
5.4% w/w Dextran T500 
20.0% w/w PEG-8000: Cellulase, Brombauer et al 
4.0% w/w Dextran T500 - lucosidase (1999) 
7.0% w/w PEG-8000: ß-glucosidase Brumbauer et al 
7.0% w/w Dextran T500 (2000) 
PEG-(600,1000): Alpha-1-antitrypsin Reh et al (2002) 
potassium phosphate 
1.3.3. Countercurrent Chromatography: Introduction and Background 
Countercurrent distribution has proved to be an effective method of protein 
separation. However, such step - wise processes do not lend themselves well to 
large - scale operations; historically those instruments built for this purpose were 
fragile and inconvenient to use (Mandava and Ito, 1988). The discrete, individual 
nature of the process means that even small - scale separations are time - 
consuming to perform. 
An instrument that allows a continuous form of liquid - liquid chromatography 
was first reported by Ito and co - workers in 1966 (Ito et al, 1966). The diverse 
techniques that evolved from these early experiments were collectively termed 
countercurrent chromatography (CCC), and several different instruments have 
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subsequently been designed (Conway, 1990). Common between them all is the 
use of immiscible liquids that are subjected to gravitational or centrifugal forces 
inside the instnunent (Mandava and Ito, 1988). 
CCC can be subdivided into hydrodynamic CCC and hydrostatic CCC (Berthod 
and Talabardon, 1999). Historically, many hydrodynamic machines were 
developed by Ito, whilst most hydrostatic machines were designed and marketed 
by the Japanese company Sanki Engineering Limited. The technique name chosen 
and registered by Sanki was centrifugal partition chromatography (CPC). This 
acronym is also used in the field to refer to the coil planet centrifuge; however, in 
this work, CPC will refer exclusively to centrifugal partition chromatography, and 
will be addressed in Section 1.3.6. 
This project initially utilised a particular type of hydrodynamic instrument called 
the Brunel/DE J- type CCC centrifuge. The design of this instrument is addressed 
in Section 1.3.5. 
1.3.4. Hydrodynamic CCC: Basic Theory 
Hydrodynamic CCC uses a rotating coiled tube to produce a hydrodynamic 
equilibrium between the two immiscible phases contained within it (Ito, 1988). 
The theory of this is best explained using a coiled tube. The tube is filled with 
water, and an air bubble and a glass bead are introduced. Both ends of the tube are 
sealed, and the tube is rotated about a horizontal axis (Figure 1.3.4a). 
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Figure 1.3.4a: Helical coils filled with water and each containing one bubble 
(white circle) and one bead (black circle). Rotation of the coils in the direction 
indicated will cause both bubble and bead to move to one end of the coil - an 
example of the Archimedean Screw Effect (adapted from Conway, 1990). 
If the coil is then rotated in the direction shown by the arrow, both the air bubble 
and the bead will travel along the coil in the same direction towards one end of the 
coil. This end is designated the "Head" and the other end the "Tail". If the 
direction of rotation of the coil is reversed, the position of the "Head" and "Tail" 
is also reversed. This motion of bubble and bead within the water - filled coil is 
an example of the Archimedean Screw Effect, and is exhibited in both a helical 
coil (shown in Figure 1.3.4a) and a spiral coil (shown in Figure 1.3.4b). 
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TAIL 
HEAD 
Figure 1.3.4b: Spiral coils filled with water and each containing one bubble 
(white circle) and one bead (black circle). Rotation of the coils in the direction 
indicated will cause both bubble and bead to move to one end of the coil - an 
example of the Archimedean Screw Effect (adapted from Conway, 1990). 
If an identical coil is filled with equal volumes of two immiscible liquids, the ends 
sealed and the coil rotated as before, an equilibrium will be reached where each 
turn of the coil contains equal amounts of each phase (Figure 1.3.4c). 
>- 
_H 
Q 
" CLOCKWISE 
Figure 1.3.4c: Distribution of phases at equilibrium in a helical coil containing 
equal volumes of heavy phase (shaded area) and light phase (clear area) (adapted 
from Conway, 1990). 
The coil is then emptied and refilled with unequal volumes of the two immiscible 
liquids e. g. one - third is filled with the heavy phase and two - thirds with the 
lighter phase. When it is rotated as before, the heavy phase (present in lesser 
amount) will half fill the coil turns at the "Head" end, with the lighter phase filling 
the remaining volume. The excess of the lighter phase will therefore completely 
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fill the turns at the "Tail" end of the coil. If the proportions of heavy and light 
phase are reversed, the distribution of the liquids will also be reversed. 
To summarise. the phase present in the lesser amount, whether lighter or heavier, 
will travel to the "Head" of the coil, where it occupies half of each of a sufficient 
number of turns. and the excess of the other phase, either lighter or heavier, will 
remain at the "Tail". The behaviour of the liquids is analogous to that of the 
bubble and bead in the water - filled coil, the bubble/bead can be regarded as a 
very small amount of one phase which always moves to the "Head". 
This type of phase distribution, typically observed at slow rotational speed and 
characterised by alternating segments of heavy and light phase, is termed 
segmented or Archimedean distribution (Conway, 1990). 
A slowly - rotating coil containing equal volumes of two immiscible phases is 
allowed to reach equilibrium. The ends of the coil are then opened to allow one of 
the phases (designated the mobile phase) to be pumped into the "Head" end; the 
phases will he distributed as in Figure 1.3.4d. 
CHRGMATOGRýPHY 
T 
ý.:;,.. 
ý'ýý- ý^ SAMPL= THEN 
ý `' MOBILE PHASE 
Figure 1.3.4d: I lelical coil containing heavy phase (shaded area) and light phase 
(clear arca) heing utilised for chromatography (adapted from Conway, 1990). 
Since the amount pumped in will constitute an excess of that phase, it will be 
carried by the rotating coil to the "Tail" end (Conway, 1990). The mobile phase is 
pr v ented from flushing the stationary phase from the column by the 
Archimedean Screw Force. which carries the stationary phase towards the 
"I lead*'. against the flow of the mobile phase. Interfacial frictional force does 
operate in the direction of mobile phase flow. however, in reality, a dynamic 
equilibrium is reached inside the coil, which depends on rotational speed, mobile 
phase flow rate. viscosity of the two phases, and other factors. 
I Zither phase can act as the mobile phase. However it must be pumped from 
"p lead" to "fail": pumping "Tail" - to -Head- would cooperate with the 
Archimedean Screw Force and flush the stationary phase from the coil. This 
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feature of the system can be used to empty the coil of stationary phase, if 
necessary. 
Ifa small volume of sample is introduced to the coil in the mobile phase, it will 
undergo partition between the two phases present in each turn of the coil, and its 
constituents will undergo chromatographic separation on the basis of their 
distribution ratios in that particular phase system. Every turn of the coil could be 
visualised as a single extraction stage (equivalent to one transfer in CCD), and the 
number of theoretical plates calculated from elution profile could be approximated 
to the number of turns in the coil. However, this only applies if there is 100% 
mixing and mass transfer efficiency in each mixing and settling stage, which 
rarely occurs in CCC or CPC. 
Ne fluid dynamics described so far occur when the coil is rotated at very slow 
speeds (<10 rpm). As the rotational speed increases to approximately 100 rpm, the 
heavy phase will move to the "Head" end of the coil; this is called unilateral 
distribution. When the rate of column rotation is increased further. so that the 
effect of gravity is negligible compared with that of the radial centrifugal force 
field. a uniform phase distribution occurs (Figure 1.3.4e). It is this type of phase 
distribution that occurs in the Brunel/DE J- type CCC centrifuge. 
HT 
Figure 1.3.4e: 1 lelical coil showing the distribution of heavy phase (shaded area) 
and light phase (clear area) when uniform phase distribution is attained (adapted 
from ('onwav. 1990). 
1.3.5. Design of the Brunel/DE J- Type CCC Centrifuge 
Hie Brunel DL .1 type 
CCC centrifuges are classified as planetary coaxial 
instruments. Most coils used with these machines are multilayer; the tubing that 
forms the column is wound on a bobbin as cotton thread is wound on a cotton 
reel. with the ends of the tubing emerging from the bobbin centre. The bobbin is 
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attached to a rotor (called the sun rotor), and in the case of the smallest machines 
(MILLI/MINI). the tubing ends are fed into the centre of the rotor, to emerge from 
the rear of the machine (Figure 1.3.5a). The "flying leads" are those sections of 
tubing external to the bobbin; the letter J shape they form as they exit the bobbin 
and enter the sun rotor gives the centrifuge its name. 
Bobby 
Sun rotor 
z 
fl 
Counterbalance 
Figure 1.3.5: DE-MINI CCC centrifuge rotor assembly showing location of 
bobbin. counterbalance, flying leads and spindle (adapted from Figure 3.8.4.3 of 
DE Mini Centrifuge Instruction Manual, Revision 2, April 2005, courtesy of D. 
Hawes/Dynamic Extractions Ltd). 
The bobbin is fixed to the sun rotor so that it is able to rotate around its own axis, 
and on the MILLI/MINI version, a counterbalance is attached to the rotor to 
provide stability when the assembly is rotated. The larger centrifuges (MIDI and 
MAXI) have two bobbins that counterbalance one another, and these centrifuges 
can be operated utilising one bobbin (parallel operation) or both bobbins (series 
operation). 
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When the centrifuge is in operation, the sun rotor, carrying the bobbin, rotates in a 
clockwise direction. The bobbin, in addition to rotating with the sun rotor, also 
rotates in a clockwise direction around its own axis; this type of movement is 
described as planetary motion. There is one rotation of the bobbin for one rotation 
of the sun rotor. 
Planetary motion produces a non - uniform centrifugal force field which agitates 
the immiscible liquid phases in one section of each loop of the coil. The liquid in 
the remainder of the loop exhibits uniform distribution (Figure 1.3.5b). 
Path described by 
sun rotor 
. alp --ft 
'41-ý 
I tI. 
\ 
Path described by coil 
The two phases 
settling out 
Figure 1.3. äb: Distribution of heavy phase (shaded area) and light phase (clear 
area) inside a planetary coaxial single layer spiral or multilayer coil e. g. such as is 
used on the Brunei /DE J- type CCC centrifuges. The diagram illustrates the point 
in the rotation pathway where mixing of the two phases occurs (dotted area) and 
where the two phases separate out (adapted from Conway, 1990). 
Hence in each loop of the coil there is a zone where mixing of the two phases 
occurs. followed by a zone where the two phases separate out. During a CCC 
separation. mobile phase is flowing through the coil, carrying the multi - 
component sample. At a single point in time, a specific volume of mobile and 
stationary phase. together with the sample components, will undergo the mixing 
process in each loop of the coil. The mobile phase constituent of this volume will 
then immediately enter the settling step. before undergoing a repeat process in the 
next loop. One mixing and settling step is equivalent to one transfer in CCD. with 
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Mixing of the two 
phases 
the associated separation of the sample components. The liquids in the coil have 
been described as exhibiting waves of mixing and settling, and several 
visualisation studies have been undertaken of this behaviour (Conway and Ito, 
1984: Sutherland and Wood. 1999. Wood, 2002). 
Central to the performance of the CCC centrifuge is the design of the column. 
Oe. 
Eccentric linear Toroidal Coaxial single Mul ilayer Single layer 
helix layer helix spiral 
Figure 1.3.5c: Typical column designs used in CCC centrifuges (adapted from 
Conway. 1990). 
The simplest columns are single layer helical coils and single layer spiral coils 
(Figure 1.3.5c). although the relatively small volume and short column length of 
these coils is a limiting factor in their use. Capacity of these coils can be increased 
by combining design aspects of both into the multilayer coil (fitted to the 
Brunel/DE CCC centrifuges and described above). 
The toroidal column is often employed in CCC centrifuges, and is formed by 
winding the tubing onto a flexible core. which is in turn coiled onto the column 
holder or bobbin (Conway, 1990). The first centrifuge to use such a column was 
patented in 1977 (Ito. 1977) and was subsequently employed to separate a variety 
of biological molecules and cells using aqueous two - phase systems: two 
different strains of E. coli (Sutherland and Ito, 1978, Sutherland el al, 1987); cell 
membrane fragments (Flanagan et al. 1984); rat liver cell organelles (Heywood- 
Waddington et al. 1984; Sutherland et al. 1984; Sutherland et al. 1985; Heywood- 
Waddington et al. 1986. Heywood-Waddington et al. 1988). It was discovered 
that phase system behaviour within toroidal coils differed considerably from that 
in other coils. unusually, for a column consisting of a coiled tube, the phases were 
described as exhibiting hydrostatic. rather than hydrodynamic. behaviour. 
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1.3.6. Hydrostatic CCC: Basic Description 
Droplet CCC (DCCC) is an established technique where droplets of mobile phase 
pass through a vertical column of stationary phase under unit gravity (Tanimura et 
al. 1970). Centrifugal partition chromatography. first introduced in 1982 
(Muravama et al. 1982). can be viewed as a logical progression from DCCC. The 
vertical column is replaced by a number of chambers serially connected by 
narrower ducts that are placed in the rotor of a centrifuge (Berthod and 
Talabardon. 1999). A CPC instrument possesses a single axis of rotation that 
produces a constant centrifugal force field which maintains the stationary phase in 
the chambers. This compares with the structure of the CCC instruments designed 
by Ito and others: open plastic tubes coiled in spools subjected to a changing and 
cyclic centrifugal force field produced by a rotational motion with two or more 
axes of gyration. In both cases, the stationary phase is held in position by these 
forces while the mobile phase is pumped through it. In CPC, the mobile phase is 
driven by an external pump whilst in the ducts, but travels through the chambers 
under the influence of the centrifugal force field (Marchal et al, 2002a). 
CPC centrifuges have two operating modes: descending and ascending (Figure 
I. 3.6a). 
Rotating 
seal \ 
Ascending mode 
Upper (light) 
phase 
Lower (heavy) 
phase 
duct 
I 
. °; Descending mode 
Figure 1.3.6a: Simplified diagram of the arrangement of chambers and ducts in a 
CPC centrifuge. The diagram shows the centrifuge operating in ascending mode 
(upper phase mobile) and descending mode (lower phase mobile), with the 
droplets of mobile phase passing through the stationary phase in each chamber. 
The large arrows indicate the direction of the gravitational force field (adapted 
from Marchal et al. 2002a). 
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Chamber 
The descending mode is chosen if the mobile phase is the lower (denser) phase of 
the liquid two - phase system. The mobile phase is pumped into one end of the 
column and forms into droplets under the influence of the constant centrifugal 
force field. These droplets of phase descend through the stationary phase, before 
exiting at the other end of the column. 
The ascending mode is chosen if the mobile phase is the upper (less dense) phase 
of the liquid two - phase system. The mobile phase is pumped into the "Tail" of 
the column, where it forms into droplets that ascend through the stationary phase, 
before exiting at the "Head" of the column. 
There have been several studies on fluid dynamics in CPC centrifuges. Droplet 
velocity has been shown to be dependent only on the interfacial tension of the 
phase system, and the viscosity of each phase, not on the centrifugal force field or 
mobile phase flow rate (Menet et a1,1994). However, in a constant force field, 
droplet velocity is dictated by droplet size, which is dependent on the centrifugal 
force field strength (higher force field strength produces smaller droplets). 
Increasing the rate at which the mobile phase is pumped does not increase the 
droplet velocity either; instead it increases the number of mobile phase droplets 
created. This factor explains why the stationary phase retention decreases as 
mobile phase flow rate increases; more droplets of mobile phase mean that there 
is less available space for the stationary phase to occupy. 
In summary, if rotational speed and mobile phase flow rate are both increased, 
droplet size decreases but droplet number increases. Therefore, the interfacial area 
between the two phases in the centrifuge increases, leading to easier mass transfer 
of particles, higher efficiency of the column, and better separation of components. 
These points have been observed experimentally for aqueous - organic phase 
systems (Foucault et al, 1992a; Foucault et al, 1992b). 
Several studies have been made of the hydrodynamics and kinetics of phase 
mixing in CPC centrifuges using stroboscopic photography. By colouring the 
mobile phase with a dye, van Buel et al (1998) were able to observe that the 
mobile phase occurred as droplets at relatively low flow rates and low rotational 
speeds, but formed a jet when either the flow rate or the rotational speed was 
increased above a critical value. The behaviour of the two phases has been filmed 
(Marchal et al, 2000; Marchal et al, 2002b); visualisation that confirmed the 
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importance of the Coriolis force on mobile phase flow shape. The Coriolis force 
acts upon the mobile phase flow, causing it to deviate sideways (across the 
chamber), rather than follow a straight path downwards or upwards through the 
chamber. These visual records made by Marchal et al gave rise to the statement 
that the chromatographic efficiency of CPC centrifuges was largely due to good 
mixing of the phases within each chamber (Marchal et al, 2002b). This group also 
filmed the behaviour of a 17.4% w/w PEG-3550: 10.6% w/w dipotassium 
hydrogen phosphate ATPS in a CPC centrifuge (Marchal et al, 2002a), with the 
lower phase designated as the mobile phase. The authors attributed the flow 
pattern of the mobile phase (described as a non - oscillating sheet) to the 
relatively high viscosity, low interfacial tension and low density difference of this 
phase system. The effect of the Coriolis force on the separation of mixtures in a 
Sanki (Kyoto, Japan) CPC centrifuge has also been studied (Ikehata et al, 2004). 
Experimental results showed that the direction of column rotation (clockwise or 
anticlockwise) was critical in obtaining good separations using both aqueous - 
organic and aqueous - aqueous phase systems. 
Results from the comprehensive study using visualisation methods by Marchal et 
al (2002a) produced some redesigns of chamber geometry. One example of this is 
seen in the Partitron 25, a 25 litre capacity CPC centrifuge made by PARTUS 
Technologies in collaboration with Couturier SAS and the University of Reims 
(Margraff et al, 2005). This production scale instrument attempted to satisfy the 
demands of industry, including reliability, biocompatibility, and short separation 
times. To achieve the latter, high mobile phase flow rates would have to be used, 
creating high pressures within the instrument. The chambers of the Partitron 25 
were filled with tampons of knitted metal wire to increase mass transfer 
efficiency. 
The manufacturer states: 
"The Partitron 25 has been designed to enable good manufacturing practice 
(GMP) compliance, and is currently validated in commercial pharmaceutical 
processes. More information on the complete cleaning of all cells between cycles 
will be the subject of coming publications. " (Margraff et al, 2005). 
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However, it is likely that such inserts proved problematic when thorough cleaning 
of the machine became necessary. Information from the manufacturer on this 
aspect of the Partitron 25 is still awaited. 
1.3.7. Design of the Armen CPC Centrifuge 
The CPC centrifuge used in this study was purchased from Armen Instrument 
(Vannes, France). An advance in chamber design by Armen was demonstrated in 
the double chamber system incorporated into this model of centrifuge (Sutherland 
et a/, 2008). The double chamber helps maximise efficiency by allowing two 
mixing and settling steps to occur where previous designs allowed only one 
mixing and settling event per chamber. The chambers and ducts of the Armen 
CPC centrifuges are engraved into metal discs (Figure 1.3.7a). Each double 
chamber consists of two cavities joined together by a very short section of duct. 
The discs are then stacked together to form a cylinder (the rotor) which is rotated 
in a single axis during the operation of the centrifuge. Further details of this CPC 
centrifuge are given in Section 2.4.1. 
Disc 
Disc 2 
Disc 3 
Duct 
Figure 1.3.7a: Photograph of three discs from the Armen 12.5 litre CPC 
centrifuge, showing the chambers and connecting ducts (courtesy of I. A. 
Sutherland, 2007). 
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There are a number of differences between hydrodynamic CCC (as demonstrated 
in aJ- type centrifuge) and hydrostatic CCC (as demonstrated in a CPC 
centrifuge): 
1) The behaviour of the phases differs when the mobile phase pump is 
stopped but the rotation of the centrifuge is continued. In hydrodynamic 
CCC, the heavy and light phases move to opposite ends of the tubing, 
whereas in hydrostatic CCC the stationary phase remains trapped in the 
chambers. 
2) The interaction of the two phases in each process is also different. In 
hydrodynamic centrifuges, both phases are in contact throughout the 
length of the column, and gentle, wave - like mixing is observed, whereas 
the design of hydrostatic centrifuges creates zones (the ducts that connect 
chambers) where only mobile phase is present. The two phases only 
interact in the chambers, where a vigorous cascade mixing is seen. 
3) There is a contrast in the operating pressure of each type of instrument. A 
hydrostatic pressure difference is created in each chamber of a hydrostatic 
CCC centrifuge as the mobile phase displaces the stationary phase. The 
magnitude of this pressure difference depends on the density difference 
between each phase, the distance from the inflow to the interface in each 
chamber, the strength of the gravitational force field, and the number of 
chambers connected in series (Sutherland, 2007). This moderate level of 
pressure is absent in hydrodynamic centrifuges. The hydrostatic 
centrifuges possess rotating seals that have the potential to leak under this 
internal pressure, whereas the hydrodynamic centrifuges are equipped with 
flying leads that are simply the ends of the tubing emerging from the coil; 
the Brunel/DE J- type CCC centrifuge has been designed so that the 
flying leads do not become tangled during the operation of the centrifuge. 
1.3.8. Protein Separation using Hydrodynamic and Hydrostatic CCC 
Numerous examples of protein separation using both hydrodynamic and 
hydrostatic CCC centrifuges have been reported, and the use of ATPS in CCC for 
protein separation has recently been reviewed (Sutherland, 2007). The literature 
reveals that many researchers have employed the same, or very similar, phase 
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systems and proteins in their studies of instrument performance. This allows the 
reviewer to make more direct comparisons between the different centrifuges. A 
typical model aqueous two - phase system is 12.5% w/w PEG-1000: 12.5% w/w 
dipotassium hydrogen phosphate, with the lower phase employed as the mobile 
phase. Typical model proteins include: myoglobin, lysozyme, cytochrome c and 
bovine serum albumin (BSA). It is difficult to make absolute comparisons 
between different centrifuges, as the individual designs necessitated the use of 
different operating conditions. However, Table 1.3.8a details some studies using 
this model phase system and proteins in a range of CCC centrifuges. 
Separations using the model ATPS and proteins mentioned above have been 
achieved with J- type coil planet centrifuges. Some of the column (coil) 
configurations used were: 
" The column holder accommodates four identical multilayer coils arranged 
symmetrically around the column holder shaft. The coils are connected in 
series (Ito and Oka, 1988). 
" The column holder accommodates three identical eccentric coil 
assemblies. Each assembly consists of eight coil units; each unit is 
prepared by winding a single piece of 1.6mm tubing into a 12cm long, 
double layer helical coil (Shibusawa and Ito, 1991). 
" The column is a spiral disk assembly consisting of nine polyethylene 
disks, each of which has had grooves cut into its surface. The disks are 
sandwiched together to form a continuous column (Ito et al, 2003). 
Other proteins have been purified using J- type centrifuges. Horseradish 
peroxidase was purified using a 10.0% w/w PEG-1540: 14.8% w/w phosphate 
buffer in a synchronous coil planet centrifuge fitted with three coaxial multilayer 
columns (Magri et al, 2003). a-amylase was purified using both a 13.0% w/w 
PEG-1000: 14.0% w/w phosphate buffer ATPS and a 13.0% w/w PEG-1000: 
14.0% w/w citrate ATPS in a HSCCC instrument fitted with three multilayer 
columns (Zhi et al, 2005). Both proteins were purified from complex starting 
materials: horseradish peroxidase from horseradish root extract; a-amylase from 
the fermentation supernatant of Bacillus subtilis. Importantly, enzyme assays were 
conducted by both research groups to ascertain the level of post - purification 
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enzyme activity. In the case of a-amylase, it was found that when the PEG-1000: 
citrate system containing 2.0% sodium chloride and supplemented with 0.56% 
w/w calcium chloride was used, recovery of enzyme activity increased from 
around 30% to 73.1%. The authors suggest that the Ca2+ ion acts as a protective 
agent for the enzyme when it is subjected to solutions of high ionic strength. 
Recovery of enzyme activity is vital when considering a purification technique. In 
addition, both research groups used SDS-PAGE as a technique to confirm the 
results obtained from the enzyme assays. This is in contrast to the research groups 
using the model ATPS and protein systems (refer to Table 1.3.8a), who often rely 
solely on an online spectrophotometer to visualise results. 
Despite these successes with the J- type centrifuges, in some quarters the opinion 
remained that these instruments did not give sufficient stationary phase retention 
when used with aqueous two - phase systems to allow for protein separation 
(Shinomiya et al, 1998). These problems had been anticipated previously, with the 
cross - axis coil planet centrifuge (X - type CPC) suggested as a design that may 
solve them (Ito, 1987). These centrifuges are similar to the J- type, except that 
the bobbin position is altered so that it rotates at a 90° angle to the rotational plane 
of the sun rotor. Rotating the bobbin in this position creates a complex, three - 
dimensional gravitational force field, which is thought to enhance mixing of more 
viscous phases within the column. Some of the column (coil) configurations used 
were: 
" Eccentric coil assemblies (Shinomiya eta!, 1993; Shinomiya et al, 1996a; 
Shinomiya et al, 1996b; Shinomiya et al, 1998; Shinomiya et al, 1999). 
" Toroidal coil assemblies (Shinomiya et al, 1998; Shinomiya et al, 1999). 
" Multilayer coil assemblies (Shibusawa and Ito, 1991; Shinomiya et al, 
1993). 
" Single layer helical coil assemblies (Shinomiya et al, 1993). 
" Spiral coil assemblies (Shinomiya et al, 2002). 
A cross - axis coil planet centrifuge fitted with eccentric coils has been used in 
conjunction with a 4.0% w/w PEG-8000: 5.0% w/w dextran T500 ATPS 
(buffered with potassium phosphate) to separate lysozyme and myoglobin 
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(Shinomiya et al, 2000). Some proteins exhibit superior solubility in PEG - 
dextran phase systems with low salt concentrations than in PEG - salt phase 
systems with high salt concentrations. Sodium chloride was added to the PEG - 
dextran phase system in varying concentrations to increase the partition 
coefficients of the lysozyme and myoglobin. In this case, it also increased the 
separation factor between the two proteins; the best resolution was obtained with 
the phase system containing the highest sodium chloride concentration. However, 
this peak resolution value of 1.3 was much less than the resolution value of 1.8 
obtained by the same researchers using identical conditions but a 12.5% w/w 
PEG-1000: 12.5% w/w dipotassium hydrogen phosphate ATPS. 
Purification of the enzyme maltose binding protein tagged - histone deacetylase 
(MBP-HDAC) from E. coli cell lysate has been achieved recently using a cross = 
axis coil planet centrifuge (Shibusawa et al, 2007). A PEG - dextran phase system 
was used, and the CCC fractions collected were analysed by both a HPLC - based 
deacetylation assay and by SDS-PAGE. PEG and dextran were removed from the 
fractions by ultrafiltration; this was to prevent band smearing during SDS-PAGE. 
The authors compared the performance of the CCC process with that of affinity 
chromatography. They found that most of the MBP-HDAC had passed through 
the affinity chromatography column in the cell lysate, and recovery was 
consequentially poor. By contrast, good purification and recovery of the target 
enzyme was achieved using CCC. 
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Figure 1.3.8a: Schematic drawing of two different types of coiled columns: an 
eccentric coil and a toroidal coil (taken from Shinomiya et al, 1999). 
The non - synchronous coil planet centrifuge was introduced in 1979 (Ito et al, 
1979) and like the J- type coil planet centrifuge, both rotor and bobbin have the 
same plane of rotation. Unlike the J- type, the bobbin and rotor have different 
rotational speeds (typically in the range 0 to 60 rpm and 600 to 1000 rpm 
respectively). Rotor and bobbin (independent of one another) can rotate in a 
clockwise or anticlockwise fashion. The gravitational force field strength is 
determined by the rotor speed. whilst the degree of phase mixing is determined by 
the bobbin speed. The centrifuges can be fitted with both multilayer and eccentric 
coils (Shinomiv a e> a/. 2003). the multilayer coil obtained a separation of 
r -Y 
r, rl 
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resolution 1.83 for lysozyme and myoglobin. The eccentric coil was less effective 
(resolution was reduced to 0.97), although the authors do not postulate on the 
reason for this difference in the resolution. 
The cascade mixing typical of CPC is also seen in some toroidal coil CCC 
centrifuges, where the tubing has been wound in such a way that the stationary 
phase can become trapped and the process is a hydrostatic (rather than a 
hydrodynamic) one (Sutherland, 2007). Protein separations have been achieved 
with toroidal coil CCC centrifuges (Ito et al, 1998). 
A Sanki CPC centrifuge, model LLN, was used with a PEG-8000: dextran ATPS 
to purify recombinant tissue - plasminogen activator, achieving a two - fold 
purification with 50% recovery of the target protein (Grunfeld et al, 1992). 
Lysozyme and BSA were separated using another Sanki CPC centrifuge, model 
LLBM, with a total internal volume of 230 ml (refer to Table 1.3.8a). 
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1.3.9. The Scale - Up of Hydrodynamic and Hydrostatic CCC 
Whilst the majority of separations have been achieved on analytical scale 
centrifuges, there has been some progress made in the scale - up of CCC. 
One of the disadvantages of many analytical - scale centrifuge designs (in 
particular the cross - axis coil planet centrifuges) is that their complexity makes it 
difficult to produce a functional and reliable large - scale version. 
Larger capacity hydrodynamic J- type centrifuges have been designed and 
produced by the Brunel University team. Models used include the "Quattro", 
fitted with two multilayer bobbins connected in series, with total capacity 928 ml 
(Sutherland et al, 2001a). Initial studies focused on the theoretical aspects of scale 
- up, specifically how the hydrodynamic, engineering and chromatographic 
variables affected the process (Sutherland et al, 2001b). Experimental work 
compared the performance of smaller versions (capacities of 25 ml and 95 ml) 
with that of the 928 ml capacity "Quattro". The centrifuges all the same planetary 
radius (R) of 110 mm and were rotated at 800 rpm. An aqueous - organic phase 
system consisting of heptane/ethyl acetate/methanol/water was used to separate a 
mixture of benzyl alcohol and 2-phenyl-ethanol. These studies were assisted by 
the production of the computer program "C. H. E. S. S. " (Sutherland et al, 2003). 
This modelled a given CCC process on the basis of an eluting CCD model, and 
allowed factors such as peak width and efficiency to be predicted. 
One important overall conclusion from the theoretical and experimental studies 
was the linear nature and therefore predictability of the scaling - up process. A 
further study revealed that stationary phase retention increased significantly with 
increased tubing bore, and resolution can be maintained even if the mobile phase 
flow rate was increased 20 - fold (Sutherland et al, 2001 c). This confirmed that 
not only could hydrodynamic CCC be performed on a large scale, but that doing 
so did not sacrifice the effectiveness of the separation process. 
This centrifuge was subsequently used in the purification of a range of 
biomolecules, including: erythromycin A (from its analogues) (Booth et al, 2003) 
and from a fermentation broth (Booth et al, 2004); the glucosinolate 
glucoraphanin (Fisher et al, 2005); DNA plasmids (Al-Marzouqi, 2006). 
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A Pharma-Tech planetary centrifuge was also used in both semi - preparative 
(capacity 325 ml) and preparative (capacity 850 ml) modes to purify 
glucoraphanin (Fahey et al, 2003). 
Interest and funding from the biotechnology industry (in partnership with the 
EPSRC) for pilot - scale CCC centrifuges led to the design and production of the 
"Brunel DE-MAXI" J- type centrifuge by the Brunel team. This centrifuge has a 
rotor radius of 300 mm, and rotational speed range of 100 to 850 rpm, a 4.6 litre 
capacity, with tubing of 10 mm bore and 60 m in length wound onto two bobbins, 
which can be operated either in series or in parallel (Sutherland et al, 2005). This 
was used in the manufacture of a1 kg quantity of glucoraphanin (Ignatova et al, 
unpublished results) following the successful production of 53 g using the "Brunel 
DE-MIDI" centrifuge (Fisher et al, 2005). 
A preparative scale multilayer coil (575 ml capacity) was used in a cross - axis 
coil planet centrifuge to separate cytochrome c, myoglobin, ovalbumin and 
haemoglobin (Shinomiya et al, 1993). The centrifuge was also fitted with 
analytical - scale eccentric coils (volumes of 35.4 ml and 34.0 ml), and so could 
not be classified as a true pilot scale machine. 
Partitron 25, the 25 litre capacity, pilot - scale CPC centrifuge (Margraff et al, 
2005) (refer to Section 1.3.6) has been operated with a 12.5% w/w PEG-1000: 
12.5% w/w dipotassium hydrogen phosphate ATPS. Although a reasonably good 
stationary phase retention value of 74% was obtained, the loading sample 
consisted of just the one protein, myoglobin, therefore it is difficult to draw a 
conclusion of the effectiveness of this instrument in protein separation. 
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1.4. Conclusions 
Aqueous two - phase systems have advantages over conventional extraction 
processes in the purification of many biomolecules, including proteins. The 
aqueous nature of these systems creates a non - denaturing environment, and the 
polymers used have a stabilising effect on protein structure. They have been 
employed in a diverse range of applications in the last 40 years, and some work 
has been undertaken to understand their intrinsic properties. 
Aqueous two - phase systems have been employed in liquid - liquid 
chromatography, from single - step partition experiments up to medium scale 
research using countercurrent chromatography centrifuges. 
There have been a number of different designs of these centrifuges, encompassing 
both hydrostatic and hydrodynamic CCC. Each design has advantages and 
disadvantages; however, there are few that are designed to operate on a truly large 
scale. Recent advances in the manufacture of proteins present challenges to 
downstream processing stages, specifically a need for high - capacity techniques 
that allow the proteins to retain their biological function. The BrunelIDE J- type 
CCC centrifuges have purified small organic molecules, using aqueous - organic 
phase systems, on a scale from mg to kg quantities. 
The challenge of this study was to combine this technology with aqueous two - 
phase systems to explore the feasibility of protein purification on a large scale, 
focussing on a protein of commercial interest. 
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1.5. Aims and Objectives of the Research 
The primary aim of this thesis was to develop protein separations on the 
Brunel/DE J- type CCC centrifuges (an example of hydrodynamic CCC). The 
Armen CPC centrifuge (an example of hydrostatic CCC) was also used in the 
study, and this allowed comparisons between hydrodynamic and hydrostatic CCC 
to be made. 
The following objectives were to be addressed during the study: 
" To gain an understanding of how aqueous two - phase systems behave in 
both the Brunel/DE J- type CCC centrifuges, and in the Armen CPC 
centrifuge, in particular how stationary phase retention varies with 
rotational speed, mobile phase flow rate, mode of operation (lower or 
upper phase as the mobile phase) and column bore (J - type CCC 
centrifuges only). 
" To use both types of centrifuge to perform a chromatographic separation 
of two model proteins and phase system chosen from the literature. 
" To use both types of centrifuge to purify from fermentation supernatant at 
least one plant - based protein that is of commercial interest to our 
industrial partner Syngenta, and to investigate the degree of biological 
activity retained by this protein during the separation process. 
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Chapter 2- General Materials and Methods 
2.1. Overview of Chapter 
This chapter details the general experimental methods relevant to this thesis, such 
as the reagents, equipment and experimental protocols used. It contains the 
methods and results of peripheral experiments that were conducted, such as the 
measurement of the physicochemical properties of the phase system, and the 
measurement of the distribution ratio of the proteins lysozyme and myoglobin, 
and experiments to determine the solubility of these proteins. 
The chapter also contains details of how certain chromatographic parameters were 
calculated in the chapters on the separation of lysozyme and myoglobin using 
CCC and CPC centrifuges. 
2.2. Aqueous Two - Phase Systems (ATPS) 
2.2.1. Preparation of the 12.5% w/w PEG-1000: 12.5% w/w Dipotassium 
Hydrogen Phosphate ATPS 
Polyethylene glycol (PEG) of average molecular weight 1000 Daltons and the 
anhydrous salt dipotassium hydrogen phosphate (K2HPO4) were obtained from 
Sigma-Aldrich (Poole, Dorset, UK). Deionised water of purity 1.0 Mflcm 1 was 
obtained from the in - house water purifier (Purite, Thame, Oxfordshire, UK). 
Stock solutions of 100 g, 200 g, 400 g, 700 g or 1400 g 40% w/w PEG-1000 were 
made by combining liquid PEG (melted in a 50°C oven for 3 hours) with water in 
a weight to weight ratio of 4: 6 (PEG: water). Stock solutions of 40% w/w 
dipotassium hydrogen phosphate were made by combining the salt with water in 
the same weight to weight ratios. 
The ATPS was made in batches, created by combining the PEG and salt stock 
solutions with water in the quantities shown in Table 2.2.1 a. 
All reagents were weighed out into glass bottles of appropriate capacity. A 
balance with accuracy of 0.01 g was used to measure weights between 10 g and 
1000 g. A balance with accuracy of 0.1 g was used to measure weights greater 
than 1000 g. 
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Table 2.2.1a: Quantities of 40% w/w PEG-1000 stock solution, 40% dipotassium 
hydrogen phosphate stock solution and water used to produce varying quantities 
of a 12.5% w/w PEG-1000: 12.5% w/w dipotassium hydrogen phosphate ATPS. 
Mass of ATPS 
(g) 
Mass of 40% 
w/w PEG-1000 
Stock Solution 
Mass of 40% 
w/w K2HPO4 
Stock Solution 
Mass of Water 
(g) 
10 3.13 3.13 3.74 
100 31.25 31.25 37.50 
200 62.50 62.50 75.00 
600 187.50 187.50 225.00 
1000 312.50 312.50 375.00 
2000 625.00 625.00 750.00 
4000 1250.0 1250.0 1500.0 
The ATPS was poured into a separating funnel of appropriate capacity and 
allowed to attain temperature equilibrium in a 30°C incubator. The funnel 
contents were then shaken thoroughly and allowed to separate for at least three 
hours, typically overnight. The majority of the lower phase was run off into a 
glass bottle. The liquid around the interface, consisting of approximately 1.0 ml of 
each phase, was run off and discarded, as it contained contaminants that had 
collected at the interface during phase separation. The majority of the upper phase 
was decanted into another bottle. Both phases were stored at 4°C. Measurements 
were taken at this point or shortly afterwards of physiochemical properties such as 
volume ratio, density, pH, viscosity and interfacial tension. 
2.2.2. Measurement of the Volume Ratio of a 12.5% w/w PEG-1000: 12.5% 
w/w Dipotassium Hydrogen Phosphate ATPS 
The volume of the upper and lower phases at 30°C was determined with the use of 
measuring cylinders as the phases were decanted from the separating funnel. Only 
phase systems of total mass 2000 g were used. A small amount of each phase (<_ 2 
ml) was lost from each phase system; this was because contaminants from the 
reagents collected at the interface during phase separation, and so a small volume 
of phase either side of the interface was discarded as waste. 
A total of seven phase systems were measured. The volume ratios (UP: LP) were 
between 1: 1.3 and 1: 1.4; the mean volume ratio was 1: 1.36. 
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2.2.3. Measurement of the Density of a 12.5% w/w PEG-1000: 12.5% w/w 
Dipotassium Hydrogen Phosphate ATPS 
The densities of the upper and lower phases were determined gravimetrically 
using a 10 ml density flask and a balance of readability 0.000 1 g. Measurements 
were made in triplicate at a temperature of 30°C ± 2.5°C. 
A total of five phase systems were measured and the densities of each are shown 
in Table 2.2.3a. 
Table 2.2.3a: Densities of the upper and lower phases of selected 12.5% w/w 
PEG-1000: 12.5% w/w dipotassium hydrogen phosphate aqueous two - phase 
systems made during the course of this study. 
Phase Density of Individual Phase Systems (gml') Average 
Density ml- 
UP 1.0571 1.0796 1.0775 1.0634 1.0821 1.0719 
LP 1.1491 1.1247 1.1250 1.1239 1.1240 1.1293 
2.2.4. Measurement of the pH of a 12.5% w/w PEG-1000: 12.5% w/w 
Dipotassium Hydrogen Phosphate ATPS 
The pH value of each phase was measured using a Mettler Toledo "SevenEasy" 
pH meter (Mettler-Toledo Ltd, Leicester, UK). Measurements were made at a 
temperature of 30°C ± 2.5°C. Prior to measurements being taken, the pH meter 
underwent a three - point calibration (at pH values 4.01,7.00 and 9.21) using 
buffer solutions provided by the manufacturer. 
A total of five phase systems were measured and the pH values of each are shown 
in Table 2.2.4a. 
Table 2.2.4a: Densities of the upper and lower phases of selected 12.5% w/w 
PEG-1000: 12.5% w/w dipotassium hydrogen phosphate aqueous two - phase 
systems made during the course of this study. 
Phase pH of Individual Phase S stems Average pH 
UP 9.30 9.27 9.35 9.34 9.26 9.30 
LP 9.16 9.23 9.30 9.23 9.11 9.21 
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2.2.5. Measurement of the Viscosity of a 12.5% w/w PEG-1000: 12.5% w/w 
Dipotassium Hydrogen Phosphate ATPS 
The viscosity of each phase was determined using an Anton Paar "AMVn" 
automated microviscometer (Anton Paar, Graz, Austria). A photograph of the 
model used is shown in Figure 2.2.5a. 
Control 
Panel 
Rocker 
Unit 
Hollow Tube 
with Sample 
Figure 2.2.5a: Photograph of the viscometer model used in the measurement of 
the viscosity of each phase from the 12.5% w/w PEG-1000: 12.5% w/w 
dipotassium hydrogen phosphate ATPS. 
This viscometer used the "rolling ball" principle to measure the viscosity of the 
phases. The instrument consisted of a hollow glass tube, permanently sealed at 
one end, which was housed in a temperature - controlled rocker unit; the unit can 
rotate through a range of angles inclined to the horizontal plane. The hollow tube 
was filled with the phase under measurement, a small ball bearing added, and the 
end sealed. The tube was placed in the temperature - equilibrated rocker unit and 
the measurement program initiated. The rocker unit rotated through to the pre - 
set incline angle. and then rotated back to the starting position. The ball bearing 
moved up and down the liquid - filled tube as the rocker unit rotated. A sensor 
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within the unit measured the time taken by the ball bearing to travel from one end 
of the tube to the other through the liquid. Integral software then calculated the 
dynamic and kinematic viscosity of the phase. 
In this study, one phase system was used for all measurements, at a temperature of 
29.25°C for the lower phase and 29.0°C for the upper phase. The measurement of 
the viscosity was repeated six times for both the upper and lower phases of the 
phase system. The average dynamic and kinetic viscosities for each are reported in 
Table 2.2.5a. 
Table 2.2.5a: Average dynamic and kinetic viscosities of the upper and lower 
phases of the 12.5% w/w PEG-1000: 12.5% w/w dipotassium hydrogen phosphate 
aqueous two - phase systems made during the course of this study. 
Phase Average *S. D. of Average *S. D. of 
Dynamic Dynamic Kinetic Kinetic 
Viscosity Viscosity Viscosity Viscosity 
mPa"s mPa"s mm2s"1 mm2s"1 
UP 4.8350 0.00029 4.5467 0.00028 
LP 1.7104 0.00018 1.5219 0.00016 
*S. D.: Standard Deviation 
2.2.6. Measurement of the Interfacial Tension a 12.5% w/w PEG-1000: 
12.5% w/w Dipotassium Hydrogen Phosphate ATPS 
The interfacial tension of the phase system was determined using a Krüss "SITE 
04" spinning - drop tensiometer (Krüss, Hamburg, Germany). 
Spinning - drop tensiometers are used when the value for the interfacial tension of 
a system is very small, in the order of 1x 10-5 to 1x 10-6 mNm 1. The first 
reported use of these tensiometers with ATPS was with PEG - dextran systems 
(Ryden and Albertsson, 1971). The instrument consisted of a horizontal capillary 
tube (open at both ends) that can be rotated at high speed. The capillary tube was 
surrounded by an oil bath that gave good temperature control. The temperature of 
the system was maintained at 30"C :h 2°C. The central section of the capillary tube 
was observed using a measuring - microscope with a graduated field of view. 
The capillary tube was filled with the denser of the two phases and brought to a 
steady rotational speed. A microsyringe was used to inject droplets of the less 
dense upper phase into the rotating cylinder; by opening the outlet valve of the 
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capillary tube a single droplet was brought into the microscope field of vision. 
The diameter of the drop was then measured using the microscope. 
The diameter of three different droplets was measured; each droplet was measured 
at rotational speeds of 2000 rpm, 3000 rpm and 4000 rpm. The average diameter 
of the droplets at each rotational speed was then calculated, and these values used 
to determine the interfacial tension at each value of rotational speed, using the 
Vonnegut equation (Vonnegut, 1942): 
a ='/" ? Ap w2 [Equation 2.2.6a] 
a= Interfacial tension (N"m 1) 
r= Radius of droplet (m) 
Ap = Density difference between the two phases (kg-m3) 
co = Angular velocity (rad"s") 
The Vonnegut equation is valid providing the length of the droplet is at least four 
times its diameter. The interfacial tension was determined at rotational speeds of 
2000 rpm, 3000 rpm and 4000 rpm, and the average of these values taken. This 
data is reported in Table 2.2.6a. 
Table 2.2.6a: Interfacial tension of one 12.5% w/w PEG-1000: 12.5% w/w 
dipotassium hydrogen phosphate aqueous two - phase system made during the 
course of this study. 
Rotational 2000 3000 4000 Average 
Speed (rpm) 
Interfacial 0.096 0.085 0.095 0.092 
Tension 
(m m') 
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2.3. Design and Operation of the CCC Centrifuges and Ancillary Equipment 
2.3.1. The CCC Centrifuges and Coils 
The centrifuges and coils used were prototypes (Brunel Institute for 
Bioengineering, Brunel University, Uxbridge, UK), the design and fundamental 
principles of which were described earlier (refer to Section 1.3.5). Details of the 
centrifuges and coils used in this study are given in Table 2.3.1 a. 
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The centrifuges and associated ancillary equipment used in this project were 
organised into self - contained "rigs". Each rig consisted of a portable trolley 
holding the centrifuge, plus the ancillary equipment: liquid - handling pumps, UV 
detector, fraction collector, water bath and computer equipment (computer, 
monitor. keyboard, mouse). Those instruments wholly or partly controlled by 
software were connected to the computer via an interface box. The instruments 
were connected using PTFE tubing of bore 0.8 mm or 1.6 mm. Valves were 
included in the tubing system to facilitate the handling of the various liquids 
involved in the experiments (Upchurch Scientific, Anachem, Luton, Bedfordshire, 
UK). A diagram of a typical rig layout is shown in Figure 2.3.1 a and Figures 
2.3.1 b, 2.3.1 c and 2.3.1 d are annotated photographs showing the equipment in 
situ. 
PRIMING VALVE 
CLEANING MOBILE STATIONAI 
FLUID PHASE PHASE 
RESERVOIR RESERVOIR RESERVOIR 
COMPUTER 
SYSTEM 
PHASE INJECTION PRESSURE 
SELECTION VALVE GAUGE/ 
VALVE (SAMPLE LOOPI RELEASE 
VALVE 
WASTE ý; ý tiLVENT ýrý' 
CENTRIFUGE 
DOWNSTREAM 
VALVE 
TRACTION COLLECTOR 
FRACTION 
COLLECTOR 
VALVE 
WASTE SOLVENT WASTE SOLVENT 
Figure 2.3.1 a: A typical Brunel CCC rig showing the position of the 
centrifuge and ancillary equipment. 
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Figure 2.3.1 b: Photograph (with descriptive annotations) of the 
Brunel/DE: MILLI #1 J- type CCC centrifuge. 
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Flying 
Leads Control Panel 
Bobbins/Coils 
Figure 2.3.1c: Photograph (with descriptive annotations) of the Brunel/DE 
SN1AR"I A11DI J -type CCC centrifuge. 
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Figure 2.3.1d: Photograph (with descriptive annotations) of the MILLI #1 
centrifuge and its ancillary equipment mounted on a trolley. 
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76 
2.3.2. Liquid - Handling Pumps 
Liquid - handling pumps were used to deliver stationary phase, mobile phase and 
a cleaning solution into the system. Details of the pumps used are given in Table 
2.3.2a. 
Table 2.3.2a: Details of the liquid - handling pumps and flow rates used in this 
study. 
Rig Stationary Phase 
Pump/Flow Rate 
mlmin 1 
Mobile Phase 
Pump (Flow 
Rates Variable) 
Cleaning Fluid 
Pump/Flow Rate 
mlmin'1 
MILLI #1 Gilson 303 Knaue Gilson' 303 
10.0 mlmin 1 WellChrom 10.0 mlmiri 1 
HPLC-Pump K- 
501 
SMART- Gilson' 303 Rainin Dynamax Rainin Dynamax 
MIDI 25.0 mlmin 1 Model SD-1 Model SD-1 
100.0 mlmin 1 
1 Gilson Inc (Middleton, WI, USA) 
2 Knauer (Berlin, Germany) 
3 Rainin (Woburn, MA, USA) 
23.3. UV Detectors 
The UV detector used on the MILLI #1 rig was a Knauer model 2501 fitted with 
an analytical cell and set at wavelength 280 nm. 
The UV detector used on the SMART-MIDI rig was a Gilson model 151 fitted 
with a preparative cell (path length 0.2 mm, volume 0.7 µl) and set at wavelength 
280 nm. 
2.3.4. Fraction Collector 
A Gilson model 201 fraction collector was used for some experiments on the 
MILLI #1 rig, however in most cases fractions were collected by hand. 
2.3.5. Computer Hardware and Software 
Computers running the Knauer "Eurochrom® for Windows Basic Edition V3.05" 
software were present on both rigs, where they were connected to the mobile 
phase pump, injection valve and detector via an interface box (Knauer model IF2). 
The system was configured so that data from the detector was recorded as a 
chromatogram as soon as the injection valve was switched to "Inject" mode. In 
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many experiments, but not all, this occurred just after the start of the mobile phase 
pump. These so - called "blank injections" allowed the recording of data from the 
start of the mobile phase flow to the end of the experiment, capturing important 
events on the chromatogram such as the time that the mobile phase first eluted 
from the column. If a blank injection was made, the injection valve was reset and 
subsequently used to inject the loading sample. 
2.3.6. Miscellaneous Ancillary Equipment 
" Water baths: the MILLI #1 rig was equipped with a Grant (Keison 
Products, Chelmsford, Essex, UK) SUB 14 water bath. The SMART-MIDI 
rig was equipped with a Grant Y22 water bath. Unless otherwise specified, 
the water baths were maintained at 30°C, ± 2°C, verified with a mercury 
thermometer. 
" Chilling units: these were used to maintain the internal temperature of the 
centrifuges. MILLI #1 was connected to a portable chilling unit. The 
SMART-MIDI centrifuge was connected to the in - house chilling system 
(ICS, Hampshire, UK) fitted to the Advanced Bioprocessing Centre 
laboratories. 
" Pressure gauges and pressure release valves: pressure gauges (Ametek- 
USG, Meerbusch, Germany) were used to monitor the pressure created in 
the system. An increase of pressure, often caused by a blockage in the 
system, could cause the column to burst. Pressure release valves rated at 
100 psi (Upchurch Scientific) were fitted to the system to release excess 
pressure. 
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2.3.7. Operating Procedure for the CCC Centrifuges and Ancillary 
Equipment 
A protocol was devised to operate the equipment for each experiment in a 
standard way. The protocol is detailed in Table 2.3.7a. 
Table 2.3.7a: Details of the step - wise procedure used for the operation of the 
CCC centrifuges and ancillary equipment. 
Step Operation 
Number 
1 Bottles of phase were placed in the water bath and brought to 
temperature equilibration. Pump inlet tubes were placed in the phase 
solutions. 
2 MP & SP pumps were primed with the appropriate phase solution. 
3 The column was filled with SP, pumping from "Tail" to "Head" (i. e. 
in the direction of the Archimedean Screw Force) whilst the column 
was rotated slowly (approximately 200 rpm). This allowed any air 
trapped in the column to be removed; air bubbles could adversely 
affect the separation process. 
4 Centrifuge rotation was started and the centrifuge unit allowed to 
reach the required temperature. 
5 The MP pump was started and data recording initiated by performing 
a "blank injection". SP started eluting from the column; this eluent 
was collected in a measuring cylinder and its volume noted at timed 
intervals. 
6 The system was allowed to equilibrate. This occurred when MP first 
eluted from the column. The eluent (now a mixture of SP and MP) 
continued to be collected in the measuring cylinder; this would 
provide information that would allow the SP retention to be 
calculated at the MP breakthrough point. 
7 The loading sample was injected into the sample loop and then onto 
the column. Fraction collection (if required) was started, with the 
fractions being collected in graduated plastic tubes. 
8 The centrifuge was run until the proteins loaded had eluted from the 
column. 
9 Fraction/eluent collection, data recording, the mobile phase pump 
and the centrifuge were stopped. 
10 The system contents were evacuated with nitrogen gas or air being 
pumped from "Tail" to "Head" and the coil rotated slowly. The post 
- separation column contents were important as they gave the 
volume of SP retained during the experiment, and also contained any 
roteins that did not elute in the duration of the experiment. 
11 The system was cleaned by pumping through six to eight system 
volumes of distilled water, followed by the same volume of 
methanol. The system was left in a solution of 70% methanol/30% 
water to prevent microbial owth. 
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2.4. Design and Operation of the CPC Centrifuge and Ancillary Equipment 
2.4.1. The CPC Centrifuge 
An Armen "Elite" CPC centrifuge was supplied by Armen Instrument (Vannes, 
France). It consists of two 500 ml columns that can be operated either in series 
(total volume 1000 ml) or separately (500 ml). The basic design of the centrifuge 
columns was described in Section 1.3.7. Each 500 ml column comprises 42 
stacked discs with a total of 1008 cells (24 per disc). Each cell has a volume of 
0.424 ml, giving a total active volume of 429.0 ml. The total volume of the 
interconnecting ducts is 71.0 ml. 
The external dead volume is 1.0 ml, and was taken as negligible. 
Integral to the design of the centrifuge were the following: 
" Liquid - handling pumps, consisting of two elution pumps (one for the 
upper phase and one for the lower phase), and two injection pumps. 
"A sample loop and injection port. 
"A pressure gauge that monitors the internal pressure of the system. If the 
pressure reaches 70 bar (1050 psi) (set by the manufacturer), the pumps 
automatically stop. This prevents damage to the rotor plates and gaskets. 
" Armen "Elite Glider" software that controls instrument functions such as 
rotational speed, flow rate of pumps, mode of injection and operational 
mode. 
Samples can be loaded onto to the column either by filling a sample loop with a 
syringe (via the injection port), or by using the injection pumps. A sample loop 
was used for all injections made in this study. 
Gas - operated valves are used to control functions such as operational mode 
(ascending or descending) and selection of the appropriate pumps. The valves 
were operated using an online compressed air supply of pressure 4 bar (60 psi). 
An annotated photograph showing the CPC centrifuge used in this study is shown 
in Figure 2.4.1 a. 
80 
a 
Column 
-- t 
Jy TT'. ' Detect r Potties ,f A7 
Figure 2.4.1a: Photograph (with descriptive annotations) of the CPC 
centrifuge. The insert shows one of the disks that comprise the column. 
2.4.2. LIV Detector 
The UV detector used was a Knauer model 2501 fitted with a preparative cell and 
set at wavelength 280 nm. 
2.4.3. Computer Hardware and Software 
A computer running the "Picolog for Windows" software (Pico Technology Ltd, 
St Neots. Cambridgeshire. UK) was connected to the UV detector and used for 
data collection. The signal from the detector was plotted against time to produce a 
chromatogram. Data collection was usually initiated a few minutes before the start 
of the mobile phase pump. 
2.4.4. Miscellaneous Ancillan Equipment 
Back pressure regulators: these were fitted to the system between the column exit 
and the UV detector. and were used in some experiments to determine the effect 
that post - column back pressure 
had on stationary phase retention and protein 
resolution. 
Control 
Panel 
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2.4.5. Operating Procedure for the CPC Centrifuge and Ancillary Equipment 
Table 2.4.5a details the protocol devised to operate the equipment for each 
experiment in a standard way. 
Table 2.4.5a: Details of the step - wise procedure for the operation of the 500 ml 
CPC centrifuge and ancillary equipment. 
Step Operation 
Number 
1 The CPC centrifuge as supplied was not temperature controlled. The 
phase solutions were kept at room temperature (which was measured 
and recorded). Pump inlet tubes (for MP and SP) were placed in the 
phase solutions. 
2 The MP & SP pumps were primed with the appropriate phase solution. 
3 The column was filled with SP as follows. The storage fluid was either 
100% distilled water or 70% distilled water/30% methanol. As both the 
upper and lower phases of this ATPS were denser than the storage fluid, 
the column was filled by rotating in the ascending mode. This would 
allow the less dense storage fluid to be pushed upwards in the cells (the 
direction it is naturally inclined to go) until it eventually eluted from the 
column. The column was rotated at 1000 rpm whilst being filled, and 
approximately 600 ml liquid was collected as waste. This ensured the 
column was completely filled with SP. 
4 The operating conditions for the experiment were set i. e. the rotor speed 
and MP flow rate were selected. The operation mode was selected 
according to the following rationale: 
" If the UP = SP & the LP = MP: the MP is denser than the SP, 
and when entering the cells will fall through the liquid; 
therefore the operation mode is descending. 
" If the LP = SP & the UP = MP: the MP is less dense than the 
SP, and when entering the cells will pass upwards through the 
liquid; therefore the operation mode is ascending. 
5 A file was created on the computer to record and save the data from the 
UV detector. Data recording was started. 
6 The loading sample was injected into the sample loop. The next stage of 
the experiment could be done in one of two ways: 
" The Sandwich Injection Method. The MP pump was started and 
the sample was injected onto the column simultaneously. 
" The Pre - Equilibration Method. The MP pump was started, and 
the column was allowed to reach equilibrium before the sample 
was loaded onto the column. Equilibrium normally occurred 
shortly after MP breakthrough was observed and was indicated , by a steady baseline on the chromatogram. 
In both cases, fraction collection (if required) started as soon as the 
sample was injected. Fractions were collected in graduated 15 ml plastic 
centrifuge tubes. This allowed the volume of each phase in each fraction 
to be accurately recorded, and the volume of displaced stationary phase 
to be calculated. 
82 
Table 2.4.5a: Continued 
Step Operation 
Number 
7 The centrifuge was run until the proteins loaded had eluted from the 
column. 
8 Fraction collection, data recording, the mobile phase pump and the 
centrifuge rotor were stopped. 
9 The design of the CPC centrifuge, with its channels and ducts, meant 
that the column contents could not be evacuated with gas; distilled 
water was used instead. The phase system present in the column at 
the end of the experiment was denser than water, and so the system 
was emptied by rotating the column at 1000 rpm in descending 
mode. 
10 The system was cleaned by pumping through six to eight system 
volumes of distilled water. If not to be used for some time, the 
system was then filled (in descending mode) with a solution of 70% 
distilled water/30% methanol to prevent microbial growth. 
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2.5. Protein Sample Preparation, Detection and Quantification 
2.5.1. Preparation of Lysozyme and Myoglobin Loading Samples 
Lysozyme from chicken egg white and myoglobin from horse skeletal muscle were 
obtained from Sigma-Aldrich (Poole, Dorset, UK). Both proteins were supplied in 
lyophilized powder form. 
Lysozyme and myoglobin loading samples were used in both the CCC and CPC 
studies, and were prepared as follows. Similar quantities of lysozyme and myoglobin 
were weighed out into a glass vial, and equal volumes of the upper and lower phases 
of a 12.5% w/w PEG-1000: 12.5% w/w K2HPO4 ATPS were added. The vial was 
inverted to mix the contents, and the sample filtered using a MILLEX®-HV PVDF 
33 mm diameter, 0.45 µm pore syringe driven filter unit (Millipore, Watford, 
Hertfordshire, UK). A filter made of PVDF (polyvinylidene fluoride) was used due 
to the low protein binding properties of this material. Filtering was considered 
necessary to prevent the narrow bore of the sample loop used on the J- type CCC 
centrifuges from blocking. The manufacturer of the CPC centrifuge advised that 
filtering was necessary with that instrument to prevent the narrow interconnecting 
ducts from blocking. 
Unless otherwise stated, the loading samples were prepared to be of concentration 
2.2 mgml" lysozyme and 2.2 mgml-1 myoglobin (f 0.2 mgml-1 each protein) in equal 
volumes of the upper and lower phases of the 12.5% w/w PEG-1000: 12.5% w/w 
K2HPO4 ATPS. These concentrations were reduced by the filtering process, which 
was necessary to prevent any undissolved protein from blocking the CCC and CPC 
systems. 
2.5.2. Determining the Distribution Ratios of Lysozyme and Myoglobin 
All chromatographic separations are based on differences in the extent to which 
solutes are partitioned between mobile and stationary phases (Skoog et al, 1994). 
The distribution ratio is a quantitative measure of these differences, and is give by 
the equation: 
D= Concentration of the solute in the upper Phase [Equation 2.5.2a] 
Concentration of the solute in the lower phase 
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The first stage in the separation process was to determine the distribution ratio of 
each protein in the phase system. This information was used later when designing the 
experiments involving CCC and CPC, specifically in deciding which phase would 
act as the mobile phase, and which would act as the stationary phase. 
The distribution ratio of lysozyme and myoglobin in a 12.5% w/w PEG-1000: 12.5% 
w/w K2HP04 ATPS was determined as follows. 
The separated phases were brought to 25°C in a water bath. Exactly 30.0 mg 
lysozyme and 30.0 mg myoglobin were weighed out into separate centrifuge tubes, 
then 3.0 ml each of lower phase and upper phase was added to each tube. The tubes 
were inverted to mix the solutions, and placed in the 25°C water bath until phase 
separation had occurred. 
Triplicate 200 µl samples were taken of the upper and lower phases from both the 
lysozyme and myoglobin phase systems, and each was diluted with 800 µl distilled 
water (purity 1.0 Mflcrn 1). The absorbance at wavelength 280 nm of each sample 
was determined using single - sample cuvettes in a Hitachi U-1800 
spectrophotometer (Hitachi, Wokingham, Berkshire UK), with pure samples of upper 
and lower phase used as blank solutions. 
The results are shown in Section 4.3.2. 
2.5.3. Initial Methods used for Lysozyme and Myoglobin Detection and 
Quantification in CCC Fractions 
Initially, protein detection and quantification in the samples collected during CCC 
experiments involving lysozyme and myoglobin was done by measuring absorbance 
at wavelength 280 nm using single - sample cuvettes in a Hitachi U-1800 
spectrophotometer. However, this proved to be unsatisfactory for a number of 
reasons: 
"A typical quantity of total protein used in the loading samples was 0.1 mg. 
This would be distributed between several fractions during the CCC process; 
each fraction would therefore contain insufficient amounts of protein to allow 
accurate detection and quantification using this method. 
" It is a laborious method as it only allows for one sample to be analysed at any 
one time, and an automated alternative was not available. 
" The presence of different proteins cannot be detected. 
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An alternative method was then devised using HPLC. Spectrophotometry using a 
single cuvette was reserved for detection of certain proteins by their biological 
activity e. g. the assay for phosphomannose isomerase (refer to Chapter 6). 
2.5.4. HPLC Method for Lysozyme and Myoglobin Detection and 
Quantification 
Solutions of lysozyme and myoglobin in distilled water were made, each of 
concentration 1.0 mgml"1. A Perkin Elmer (Beaconsfield, Buckinghamshire, UK) 
MultiPROBE II Plus liquid - handling robot was used to prepare standard solutions 
of concentrations: 0.1 mgml'', 0.2 mgml4,0.5 mgml'1,0.7 mgml4, and 1.0 mgml4. 
Distilled water was from the in - house water purifier, and had a purity of 1.0 
MS2cm 1. 
The solutions were analysed using a Waters (Elstree, Hertfordshire, UK) 2695 HPLC 
separations module, equipped with a Waters 2996 photodiode array detector and 
operated using Waters EmpowerTM software. The column used was a YMC (Kyoto, 
Japan) ODS - AQ, particle size S-5 pm, pore size 20 nm, length 150 mm and internal 
diameter 4.6 mm. The running conditions were as follows: 
" Injection volume: 10.0 µl 
" Run time: 15 minutes 
" Flow rate: 1.0 mlmin 1 
" Column temperature: 40.0°C ± 5.0°C 
" Time held at final conditions: 1 minute 
" Gradient: 30% ACN --+ 55% ACN over 10 minutes 
" Detector wavelength range: 210.0 nm to 600.0 nm ("MaxPlot'), resolution 
1.2 nm 
The software created calibration plots, plotting peak area (y - axis) against mass of 
protein (x - axis). The resulting straight line graphs gave values for the constants m 
(gradient of the line) and c (intercept of the line on the y axis) from the equation of a 
straight line (y =mxx+ c). These constants were used in subsequent experiments to 
determine the quantity and concentration of protein in fractions collected during the 
CCC and CPC experiments. 
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2.5.5. Utilisation of the HPLC Method for Lysozyme and Myoglobin Detection 
and Quantification in the Analysis of CCC and CPC Fractions 
The fractions collected during the CCC and CPC experiments consisted mainly of 
lower phase (the mobile phase) and a small volume of upper phase (the stationary 
phase). The presence of small quantities of upper (stationary) phase was due to 
stationary phase "stripping" from the column during the experiment. The lysozyme 
and myoglobin in each fraction were partitioned between these two phases according 
to their individual distribution ratios. To obtain a sample that contained proportionate 
amounts of each protein as they were present in the fraction overall, each fraction 
was mixed by inversion, a 0.8 ml aliquot transferred to a HPLC vial, and 0.2 ml 
water (purity 18.2 Mflcm i) added. Addition of the 0.2 ml water "breaks" the phase 
system, producing a one phase solution. 
The volume of each CCC/CPC fraction was recorded, and subsequently the mass of 
each protein in each fraction was calculated. The concentration and mass of 
lysozyme and myoglobin species in the CCC/CPC loading sample was also 
determined by HPLC analysis, following this method. 
The results from the HPLC analysis of the fractions collected during each experiment 
were analysed to yield information on the recovery of the myoglobin species and 
lysozyme from the CCC/CPC process. 
For each experiment, the total mass of lysozyme, apomyoglobin and myoglobin in 
the collected fractions was obtained, and compared with the mass of these proteins 
present in the loading sample. The values were then used to obtain a percentage 
recovery value for each protein in each experiment, according to the equation: 
% Recovery = Total Mass of the Protein in the Fractions x 100 [Equation 2.5.5a] 
Total Mass of the Protein in the Loading Sample 
2.5.6. Solubility Studies of Lysozyme and Myoglobin 
One aim of the study was to maximise throughput of proteins in the separation 
process by working with samples at their highest limits of concentration. It was 
therefore considered important to gain an understanding of the degree of solubility of 
lysozyme and myoglobin in the 12.5% w/w PEG-1000: 12.5% w/w K2HPO4 ATPS 
before the separation studies on the CCC and CPC centrifuges were undertaken. Ito 
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and his co - workers (Ito et al, 2003) reported using these proteins in this phase 
system at total protein concentrations of 20.0 mgml"1. However, a review of the 
literature on the solubility of proteins in aqueous two - phase systems showed that 
more typical protein concentrations are in the range 1 to 5 mgml-1. The variation 
between these reported solubilities prompted an investigation of the solubility of 
lysozyme and myoglobin in this phase system. 
Standard solutions of lysozyme and myoglobin in distilled water (purity = 1.0 
MS2cm ') were prepared by serial dilution. The concentrations were in the range 
0 to 1.0 mgml'1 at 0.1 mgml"1 intervals. The absorbance at wavelength 280 mit of 
each solution was measured using single - sample cuvettes in a Hitachi U-1800 
spectrophotometer. Standard curves were created for both proteins of absorbance at 
wavelength 280 nm against protein concentration. The resulting straight line graphs 
gave values for the constants m (gradient of the line) and c (intercept of the line on 
the y axis) from the equation of a straight line (y =mxx+ c); these were used in the 
following analysis of solutions of unknown protein concentrations. 
Solutions each of volume 2.0 nil were created separately for lysozyme and 
myoglobin, using the upper and lower phases of a 12.5% w/w PEG-1000: 12.5% 
w/w K2HPO4 ATPS. The concentrations of protein in each were: 2.5; 5.0; 7.5; 10.0 
mgmrl. 
The solutions were incubated in a 30°C water bath for 15 minutes, centrifuged in a 
"Heraeus Biofuge Pico" microcentrifuge (Thermo Scientific, Basingstoke, UK) at 13 
000 rpm for five minutes, and the supernatant removed. A 1: 20 dilution of each 
supernatant was made using the appropriate phase solution. The absorbance at 
wavelength 280 nm of each solution was obtained using single - sample cuvettes in a 
Hitachi U-1800 spectrophotometer, and the absorbance values multiplied by a factor 
of 20 to give the absorbance of the undiluted solutions. The observed concentrations 
of protein in the undiluted solutions were calculated using the standard curves 
produced earlier, and these were plotted against the theoretical protein 
concentrations; a variation between the theoretical and observed protein 
concentration for a particular sample would show that some protein has been lost 
during the centrifugation step. This would indicate that the solution had exceeded the 
saturation point, and therefore contained undissolved protein, which would sediment 
either at the bottom of the tube or at the interface. 
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The standard curves of absorbance at wavelength 280 nm against protein 
concentration for lysozyme and myoglobin in distilled water are shown in Figures 
2.5.6a and 2.5.6b. 
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Figure 2.5.6a: Standard curve of absorbance at wavelength 280 nm against protein 
concentration for lysozyme in distilled water. 
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Figure 2.5.6b: Standard curve of absorbance at wavelength 280 nm against protein 
concentration for myoglobin in distilled water. 
Dilutions in the order of 1: 20 were made of the solutions of lysozyme and myoglobin 
in upper and lower phase. The absorbance of the diluted solutions at wavelength 280 
nm was measured and the absorbance of the undiluted solutions calculated. These 
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values were then used to determine the observed concentrations of the protein in the 
solutions, using the equations: 
Concentration of Lysozyme (mgml") = Absorbance at 280 nm [Equation 2.5.6a] 
2.4309 
Concentration of Myoglobin (mgml-') = Absorbance at 280 nm [Equation 2.5.6b] 
1.3027 
The theoretical and observed protein concentrations for each solution are reported in 
Table 2.5.6a and shown graphically in Figure 2.5.6c. 
Table 2.5.6a: The theoretical and observed protein concentrations for each solution 
used in the solubility studies of lysozyme and myoglobin in a 12.5% w/w PEG-1000: 
12.5% w/w K2HP04 ATPS. 
Protein Phase 
from 
ATPS 
Theoretical 
Cone" of 
Protein 
(mgml"1) 
Observed 
Cone" of 
Protein 
(mgml') 
Difference in the 
Theoretical & 
Observed Cone" of 
Protein 
m mr 
L so e Lower 2.5 2.7 H2 
L so e Lower 5.0 4.5 0.5 
L so e Lower 7.5 6.3 1.2 
L so e Lower 10.0 7.9 2.1 
L so e Upper 2.5 2.4 0.1 
L so e Upper 5.0 4.2 0.8 
L so e Upper 7.5 5.7 1.8 
L so e Upper 10.0 7.5 2.5 
Mo lobirr Lower 2.5 2.7 (-)2 
Mo Tobin Lower 5.0 4.9 0.1 
Mo lobirr Lower 7.5 7.3 0.2 
Mo lobirr Lower 10.0 9.4 0.6 
Mo lobirr Upper 2.5 2.5 0 
Mo lobin U per 5.0 4.8 0.2 
Mo lobin Upper 7.5 7.2 0.3 
Mo lobirr Upper 10.0 8.8 1.2 
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Figure 2.5.6c: Theoretical concentrations against observed concentrations of 
lysozyme and myoglobin in the upper and lower phases of a 12.5% w/w PEG-1000: 
12.5% w/w K2HPO4 ATPS. 
The results in Table 2.5.6a and Figure 2.5.6c show that above a theoretical 
concentration of 2.5 mgml-' the observed concentrations of lysozyme and myoglobin 
in both upper and lower phases of the phase system are less than the theoretical 
values. It would appear that these solutions contained undissolved protein that was 
lost during the centrifugation step of the experiment. 
It was therefore decided that for the separation studies on the CCC and CPC 
centrifuges the concentration of total protein in the loading samples would be in the 
range 2.0 to 2.5 mgml"'. A study of the effect of increasing the mass of protein on the 
CCC/CPC process would be achieved by increasing the volume of the loading 
sample. rather than its total protein concentration. 
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2.6. Determining Chromatographic Parameters in the Separation of Lysozyme 
and Myoglobin using CCC and CPC 
2.6.1. Calculating the Stationary Phase Retention for the CCC and CPC 
Centrifuges 
The CCC centrifuge is based around a coiled tube, whereas the CPC centrifuge is a 
series of interconnected chambers. This difference in design means that the method 
for calculating the stationary phase retention in each type of centrifuge differs, and so 
these calculations are located in the appropriate chapters (Section 4.2.5 for CCC and 
Section 5.2.4 for CPC). 
2.6.2. Calculating the Retention Times of Lysozyme and Myoglobin 
The concept of the solute retention volume (VR) was introduced in Section 1.2.3, and 
with the partition coefficient (K) it can be used to predict when a particular solute (in 
this case a protein) will elute from the column. 
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Figure 2.6.2a: Illustration of a chromatogram annotated to show the theoretical 
volumes associated with the chromatographic process. 
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Figure 2.6.2a shows how the retention volume of a protein is related to the volumes 
occupied by the stationary and mobile phases in a liquid - liquid chromatographic 
column. The x- axis is usually denoted in units of volume, or it can be converted 
into units of time if the mobile phase flow rate is known. 
The process is best explained by describing the progress (in terms of volume) of a 
single pure protein sample through the column. The protein sample is injected at 
volume = 0, and is carried with the mobile phase through the extra or dead coil 
volume. The next region on the graph, labelled VM or Volume of Mobile Phase, 
represents the volume of mobile phase that the sample must pass through before 
emerging at the solvent front. If the protein has a partition coefficient of zero (K = 0) 
it will not interact with the stationary phase at all, but will remain exclusively in the 
mobile phase, to elute at the solvent front. If the protein has a partition coefficient of 
one (K =1) it shows no preference for either phase, and will behave as if the column 
is filled with one phase only. Its retention volume will therefore be the same as the 
Column Volume (Va). If the protein has a partition coefficient of between zero and 
one, it has some affinity with the stationary phase, but not as much as with the 
mobile phase, and so will elute between the K=0 and K=1 points. If the protein has 
a partition coefficient of more than one, it has greater affinity with the stationary 
phase than with the mobile phase, and so will elute after the K =1 point. 
The factors shown in Figure 2.6.2a are related by the equation: 
VR = VM +KX Vs [Equation 2.6.2a] 
VR = Retention volume (ml) 
VM = Volume of mobile phase in column (ml) 
Vs = Volume of stationary phase in column (ml) 
K= Partition coefficient of protein(s) 
This equation was used to calculate the K =1 point for each experiment in the 
chapters concerning the separation of lysozyme and myoglobin by CCC and CPC. It 
was calculated initially as the retention volume and then (as the mobile phase flow 
rate was known) converted to the retention time. 
The chromatograms in each chapter were annotated with this value. However, in 
theory neither protein will elute at the K= 1 point, due to the distribution ratios of the 
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proteins. If the lower phase is used as the mobile phase, K=1.9 (lysozyme) and K= 
0.6 (myoglobin); therefore myoglobin should elute at some point before and 
lysozyme at some point after the K =1 point. If the upper phase is used as the mobile 
phase, K=0.5 (lysozyme) and K=1.7 (myoglobin); therefore lysozyme should elute 
at some point before and myoglobin at some point after the K=1 point. 
The exact retention volume of each protein depends on what volume of stationary 
phase has been retained in the column as the proteins enter it. The stationary phase 
retention values depend on the experimental parameters used, and so the retention 
volume of each protein will vary for experiment to experiment. In the 
lysozyme/myoglobin separation experiments, the volumes of mobile phase and 
stationary phase are taken to be those at: 
" The mobile phase breakthrough point when calculating the retention time of 
the first protein to elute. This is because the partition behaviour of the first 
protein to elute is governed by the volume composition of mobile phase and 
stationary phase in the column at the mobile phase breakthrough point. 
" The end of the experiment when calculating the retention time of the second 
(last) protein to elute. This is because the partition behaviour of the last 
protein to elute is governed by the volume composition of mobile phase and 
stationary phase in the column towards the end of the experiment, when a 
degree of stationary phase "stripping" has occurred. 
The predicted and observed retention volumes (as retention times) for each protein in 
each experiment were calculated and reported in Table 4.3.2a (for the CCC 
experiments) and in Table 5.3.2a (for the CPC experiments). The predicted retention 
times are calculated using the data for the stationary phase retention volume obtained 
during that particular experiment, whereas the observed retention times are those that 
actually occurred; a comparison can therefore be made between the two values. A 
difference between the predicted and observed retention times of a protein would 
indicate that the protein in the column has not achieved the same partition between 
the two phases that was attained in the single - tube partition experiments. 
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Note that elution positions are reported as times, rather than volumes. This is because 
the chromatograms in these chapters were recorded over a time course, and so the x- 
axis of each will be in units of time. 
Retention time is related to retention volume by the equation: 
Retention time = Retention volume [Equation 2.6.2b] 
MP flow rate 
In all cases, the retention time of a protein is the time between the injection of the 
protein(s) onto the column and the apex of the elution peak for that protein on the 
chromatogram. 
2.6.3. Calculating the Lysozyme and Myoglobin Resolution Values 
Protein resolution factors were calculated using the following equation: 
Rs=2 x AZ [Equation 2.6.3a] 
W, +W2 
The values for AZ. W1 and W2 were measured directly from the chromatograms: 
Q 
U 
S-ý 
O 
Time (sec) 
Figure 2.6.3a: Illustration of a chromatogram showing parameters used to calculate 
the resolution factor. Rs. 
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Resolution was calculated between both lysozyme and myoglobin, and between 
lysozyme and apomyoglobin. The apomyoglobin molecule is differs from the 
myoglobin molecule in that the former is minus a haem group. One factor that 
governs protein partitioning in aqueous two - phase systems is the pH of the system 
and the isoelectric point of the protein (Johansson, 1985). The isoelectric point is a 
consequence of the identity and nature of the amino acids on the surface of the 
protein. Therefore, the partitioning behaviour of apomyoglobin and myoglobin 
should indicate whether or not the surface amino acids are the same in both 
molecules. Thus it was felt appropriate to calculate and record the resolution between 
lysozyme and both forms of the myoglobin species. 
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Chapter 3- Stationary Phase Retention Studies on J- 
Type CCC Centrifuges 
3.1. Introduction 
The initial focus of this project was to compare the performance of the multilayer 
column fitted to a Brunel/DE J- type CCC centrifuge with the results obtained by 
Ito et al who used a spiral disk assembly fitted to a similar type of centrifuge (Ito 
et al, 2003). Ito and his co - workers employed the spiral design of column to test 
the chromatographic resolution and stationary phase retention of three different 
two - phase solvent systems: 1-butanol/acetic acid/water, PEG-1000/dipotassium 
hydrogen phosphate and PEG-8000/Dextran T500. The model system used by Ito 
and co - workers that was chosen for study consisted of a 12.5% w/w PEG-1000: 
12.5% w/w dipotassium hydrogen phosphate ATPS; the loading sample 
comprising of 10.0 mg lysozyme plus 10.0 mg myoglobin in a solution of 0.5 ml 
upper phase plus 0.5 ml lower phase from this phase system. Of the two aqueous 
two - phase systems, the PEG - salt was favoured over the PEG - dextran; use of 
the dextran - rich lower phase in the Brunel/DE J- type CCC centrifuges would 
be difficult to use because of its high viscosity. Ito et al showed that a partial 
separation of these proteins was obtained in the spiral disk assembly, and 
therefore this was considered to be an ideal model system on which to begin the 
study of the multilayer J- type CCC column. 
In chromatography, good resolution of two or more compounds relies on several 
factors, such as column length, distribution ratios of the compounds, good 
interaction between the mobile and stationary phases, and satisfactory stationary 
phase retention (Berthod and Talabardon, 1999). It is the last of these that is the 
focus of this chapter. 
The starting point of this study was to fit the Brunel/DE MILLI #1 CCC 
centrifuge with a particular multilayer column, and obtain values for the stationary 
phase retention at the mobile phase breakthrough point and subsequent loss of 
stationary phase after this point (stationary phase "stripping") for different 
operational parameters including: rotational speed; mobile phase flow rate; 
direction of mobile phase flow; lower phase as mobile phase; upper phase as 
mobile phase. The set of operational parameters that yielded the greatest 
97 
stationary phase retention and the least stationary phase "stripping" would then be 
used in the later experiments to separate the proteins lysozyme and myoglobin. 
Several studies have been conducted on how the distribution of the phases within 
a column varies with the nature of the phase system. Ito considered how phase 
systems classified as hydrophobic (e. g. hexane/water), hydrophilic (e. g. 
butanol/acetic acid/water) and intermediate between hydrophobic and hydrophilic 
(e. g. ethyl acetatelacetic acid/water) distributed in a number of rotating coils (Ito, 
1992). He concluded that for hydrophobic phase systems, the more dense phase 
moved to the "Tail" of the column, for hydrophilic phase systems the more dense 
phase moved to the "Head" and the more dense phase could move either way for 
the intermediate phase systems. Another study by Sutherland and others employed 
a similar range of phase systems, but the columns used were of a larger bore than 
that used by Ito (Sutherland et al, 2000). This study concluded that for these phase 
systems, the lower phase always goes to the "Tail" when the "Tail" is at the 
periphery of a coil planet centrifuge. 
The effect of variable parameters on the retention of stationary phase in the 
column has also been extensively studied in aqueous - organic solvent systems. In 
general, stationary phase retention increases with an increase in rotational speed 
and with a decrease in mobile phase flow rate (Maryutina et al, 2003). 
This chapter investigates how the 12.5% w/w PEG-1000: 12.5% w/w dipotassium 
hydrogen phosphate ATPS behaves in a multilayer column fitted to a Brunel/DE J 
- type CCC centrifuge operated at different experimental parameters, and 
specifically whether its behaviour correlates to that predicted by these previous 
investigations. 
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3.2. Materials and Methods 
3.2.1. Preparation of the Aqueous Two - Phase System 
The phase system used in these experiments was the 12.5% w/w PEG-1000: 
12.5% w/w K2HPO4 ATPS. Appropriate quantities were prepared as required 
following the procedure in Section 2.2.1. 
3.2.2. Preparation and Use of the Brunel/DE MILLI #1 J- Type CCC 
Centrifuge 
The Brunel/DE MILLI #1 CCC centrifuge was fitted with the SBRI-CCC coil 
(bore 1.6 mm, length 5.3 m and capacity 10.8 ml). The experimental apparatus 
was arranged as shown in Figure 2.3.1 a, with the following modifications: 
" The sample loop was not required in these experiments, and so the 
injection valve was set in the closed position. 
" The eluent from the column passed through the UV detector, but the signal 
was not recorded as a chromatogram. 
" The fraction collector was replaced by a 50 ml burette clamped in an 
Upright position with the tap at the bottom of the burette closed. 
The dead volume of the system was defined as the volume of the tubing 
connecting the liquid - handling pumps to the entrance of the column, plus the 
volume of the tubing from the exit of the column to the burette. The length of this 
tubing was determined using a tape measure, and with the cross - sectional area of 
the tubing known, the dead volume was calculated to be 2.2 ml. 
The system temperature in all experiments was 30°C f 1.0°C. 
The protocol for the operation of the centrifuge in these experiments is given in 
Table 3.2.2a. 
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Table 3.2.2a: Step - wise procedure for the operation of the MILLI #1 CCC 
centrifuge and ancillary equipment in the stationary phase retention studies. 
Step Operation 
Number 
1 Bottles of phase were placed in the water bath and brought to 
temperature equilibration. Pump inlet tubes were placed in the phase 
solutions. 
2 MP & SP pumps were primed with the appropriate phase solution. 
3 The column was filled with SP, pumping from "Tail" to "Head" (i. e. 
in the direction of the Archimedean Screw Force) whilst the coil was 
rotated slowly (approximately 200 rpm). This allowed any air 
trapped in the column to be removed; air bubbles could adversely 
affect the behaviour of the phases in the column. 
4 Centrifuge rotation was started and the centrifuge unit allowed to 
reach the required temperature. 
5 The end of the tubing from the UV detector was placed in the top of 
the (empty) burette and secured in place. 
6 The MP pump and stopwatch were started simultaneously. SP started 
eluting from the column; a note of the volume of SP collecting in the 
burette was made at set time intervals (this verified that the flow rate 
set on the pump was accurate). 
7 The system was allowed to equilibrate. This occurred when MP first 
eluted from the column. A note was made of the time this happened 
and the volume of SP that had been collected at this point. 
8 The eluent (now a mixture of SP and MP) continued to be collected 
in the burette, and the volumes of each were recorded at set time 
points as the experiment continued. This detected any further loss of 
SP from the column. 
9 Data recording, the mobile phase pump and the centrifuge were 
stopped at an appropriate time point. 
10 The system contents were evacuated with nitrogen gas or air being 
pumped from "Tail" to "Head" and the coil rotated slowly. The post 
- experiment column contents were important as they allowed cross 
- checking with the eluted volume values obtained earlier in the 
experiment. This in turn allowed calculation of the SP volume 
retained in the column during the experiment. 
11 The system was cleaned by pumping through six to eight system 
volumes of distilled water, followed by the same volume of 
methanol. The system was left in a solution of 70% methanol/30% 
water to prevent microbial growth. 
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Direction of Centrifuge Rotation 
The centrifuge was always rotated in a clockwise direction, as observed by the 
operator through the door of the centrifuge. This direction of rotation orientates 
the "Head" of the column at the centre of the coil and the "Tail" at the periphery. 
It is possible to rotate the centrifuge anticlockwise, however the engineers who 
designed the centrifuge and coils recommended that the centrifuge be rotated in a 
clockwise direction for optimum performance. Optimum performance of these 
centrifuges is obtained when the Archimedean Screw Force (the hydrodynamic 
force) and the hydrostatic force are aligned and acting in the same direction. The 
direction of rotation has implications for the behaviour of the phase system within 
the column, however addressing this area was considered to be beyond the scope 
of this study. However, research was being conducted at the same time as this 
study on the behaviour of a PEG - potassium phosphate ATPS in a spiral coil 
(Guan et al, 2007). Results from this work confirmed that rotating the centrifuge 
in a clockwise direction would produce superior stationary phase retention. 
Conditions for the Pumping of the Mobile Phase 
Four pumping conditions were investigated: 
" UP as the MP, pumped "Head" to "Tail" 
" UP as the MP, pumped "Tail" to "Head" 
" LP as the MP, pumped "Head" to "Tail" 
" LP as the MP, pumped "Tail" to "Head" 
Selecting the Mobile Phase Flow Rate 
Initial experiments were conducted at a flow rate of 1.0 mlmin71. However, this 
caused the complete loss of stationary phase from the column. Subsequently, two 
(slower) flow rates were used at each pump condition: 0.25 mlmin I and 0.50 
mlmin 1. The selection of these flow rates was based on previous work using 
aqueous - organic solvent systems with this column. 
The duration of the experiments with a mobile phase flow rate of 0.25 mlmin 1 
was 80 minutes, and for those with a mobile phase flow rate of 0.5 mlmin 1 was 
40 minutes. 
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Defining the "Head" and "Tail" of the Column 
The direction in which the coil is rotated determines whether the "Head" of the 
column is located at the centre or the periphery of the coil. The flying leads are 
attached to both ends of the column; therefore one flying lead extends from the 
"Head" of the column whilst the other extends from the "Tail". To determine 
which flying lead is the "Head" and which is the "Tail", the column was filled 
with a mixture of air and water, and the centrifuge rotated clockwise at 
approximately 200 rpm. The action of the Archimedean Screw Effect will force 
the water towards the "Head"; the inclusion of air in the column allows the 
operator to observe the elution of the water from the "Head" as fast - moving 
droplets (termed "spitting"). The other flying lead is therefore the "Tail" of the 
column. Note that if the coil is rotated in an anticlockwise fashion, the positions of 
the "Head" and "Tail" are reversed. 
Selecting the Rotational Speed of the Coil 
For each flow rate at each pump condition, the following rotational speeds were 
used: 800 rpm, 1300 rpm and 1800 rpm. 
A comparison between two types of column can only be made if the acceleration 
due to gravitational force exerted on the column contents is the same for both 
systems. 
Acceleration due to gravity is given in terms of metres per second per second 
(msec 2). The acceleration due to gravity on Earth (unit gravity or 1 G) is 9.81 
msec 2. 
The acceleration due to gravitational force exerted on the column is quoted in 
terms of number of unit gravities, and is given by the equation: 
G=R x 02 [Equation 3.2.2a] 
9.81 
R is the radius of the main (sun) rotor in metres. 
0 is the rotational speed of the coil in radians per second. 
In the 2003 paper by Ito et al, R had a value of 10 cm = 0.1 m. 
The rotational speed used was 800 rpm = [(800 x 27)/60]2 radians per second. 
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Therefore, the acceleration due to gravitational force exerted on this column was: 
G=0.1 x [(800 x 21r)/60}2 
9.81 
G= 71.5 G (701.8 msec 2) 
To exert the same acceleration due to gravitational force on the SBRI-CCC coil 
(R = 0.05 m), the rotational speed required was calculated as: 
71.5 x 9.81 = 0.05 x [(Rotational speed x 2n)/60]2 
Rotational speed = 1131 rpm 
The experiments were used as an opportunity to gain insight into the effect of 
rotational speed on the stationary phase retention of an ATPS in aJ- type CCC 
centrifuge. The engineers who designed the centrifuge advised that the maximum 
safe rotational speed for this coil on this centrifuge was 1800 rpm. An appropriate 
minimum rotational speed of 800 rpm was recommended; 1300 rpm was chosen 
as the mid - range rotational speed, as this speed produced a gravitational force 
approximate to that produced in the Ito experiments (Ito et al, 2003). 
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3.3. Results 
Table 3.3a reports the stationary phase retention values obtained at the mobile 
phase breakthrough point and at the end of each experiment. The table also shows 
the amount of stationary phase lost from the column between the mobile phase 
breakthrough point and the end of the experiment (stationary phase "stripping"). 
All stationary phase values are reported as percentages of the total column 
volume. 
Figure 3.3a is a graphical representation of how stationary phase retention at the 
mobile phase breakthrough point in each experiment varies with rotational speed. 
The experiments are grouped according to the identity of the mobile phase (upper 
or lower phase), the mobile phase flow rate and the direction of mobile phase 
flow. 
Figure 3.3b is a graphical representation of how stationary phase retention at the 
end of each experiment varies with rotational speed. The experiments are grouped 
according to the identity of the mobile phase (upper or lower phase), the mobile 
phase flow rate and the direction of mobile phase flow. 
Figure 3.3c is a graphical representation of how stationary phase "stripping" 
varies with rotational speed. The experiments are grouped according to the 
identity of the mobile phase (upper or lower phase), the mobile phase flow rate 
and the direction of mobile phase flow. 
Figure 3.3d is a graphical representation of how stationary phase retention at the 
mobile phase breakthrough point and at the end of the experiment varied with 
rotational speed, and how the stationary phase "stripping" varied with rotational 
speed under the following experimental conditions: MP = LP; direction of MP 
flow = "Tail" to "Head"; MP flow rate = 0.25 mlmin 1. These conditions gave the 
largest stationary phase retention values at the two time points mentioned, but also 
gave the largest stationary phase "stripping" values, indicating a high level of 
phase instability within the column during the experiment. 
Figure 3.3e is a graphical representation of how stationary phase retention at the 
mobile phase breakthrough point and at the end of the experiment varied with 
rotational speed, and how the stationary phase "stripping" varied with rotational 
speed under the following experimental conditions: MP: -- LP; direction of MP 
flow = "Head" to "Tail"; MP flow rate = 0.25 mlmin 1. These conditions gave 
moderate stationary phase retention values at the two time points mentioned, but 
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gave the smallest stationary phase "stripping" values, indicating a high level of 
phase stability within the column during the experiment. 
The data used in Figures 3.3a, 3.3b and 3.3c is reported in Table 3.3a. 
Table 3.3a: The variation in the stationary phase retention at the mobile phase 
breakthrough point and at the end of the experiment, and the loss ("stripping") of 
stationary phase (all as a percentage of the total column volume) obtained using a 
1.6 mm bore, 5.3 m long, 10.8 ml capacity column fitted to the MILLI #1 CCC 
centrifuge and rotated in a clockwise direction ("Head" at centre; "Tail" at 
periphery). Solvent system: 12.5% w/w PEG-1000: 12.5% w/w K2HPO4 ATPS. 
Identity 
of 
Mobile 
Phase 
Direction of 
MP Flow 
MP Flow 
Rate 
(mlmin 1) 
Rotational 
Speed 
(rpm) 
Sf at MP 
b/p 
(%CV) 
Sf at e/e 
(%CV) 
Stripping 
SP 
(%CV) 
UP H to T 0.25 800 32.41 28.70 3.70 
UP H to T 0.25 1300 38.89 36.11 2.78 
UP H to T 0.25 1800 37.96 34.26 3.70 
UP H to T 0.5 800 23.15 21.30 1.85 
UP H to T 0.5 1300 30.56 27.78 2.78 
UP H to T 0.5 1800 36.11 31.48 4.63 
UP T to H 0.25 800 4.63 2.78 1.85 
UP T to H 0.25 1300 4.63 0.93 3.70 
UP T to H 0.25 1800 4.63 3.24 1.39 
UP T to H 0.5 800 3.24 1.39 1.85 
UP T to H 0.5 1300 2.78 1.39 1.39 
UP T to H 0.5 1800 4.63 3.24 1.39 
LP H to T 0.25 800 27.78 11.57 16.20 
LP H to T 0.25 1300 41.67 27.78 13.89 
LP H to T 0.25 1800 50.93 43.98 6.94 
LP H to T 0.5 800 23.15 9.26 13.89 
LP H to T 0.5 1300 32.41 20.83 . 
11.57 
LP H to T 0.5 1800 42.59 41.67 0.93 
LP T to H 0.25 800 61.11 27.78 33.33 
LP T to H 0.25 1300 74.07 55.56 18.52 
LP T to H 0.25 1800 79.63 55.56 24.07 
LP 
LP 
T to H 
T to H 
0.5 
0.5 
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1300 
43.52 
66.67 
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LP T to H 0.5 1800 76.39 27.78 48.61 
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Figure 3.3a: The influence of mobile phase identity, flow rate and flow direction 
on the stationary phase retention at the mobile phase breakthrough point relative 
to rotational speed. Column dimensions: 1.6 mm bore, 5.3 m long with a 10.8 ml 
capacity. fitted to the MILLI #1 CCC centrifuge and rotated in a clockwise 
direction ("Head" at centre: "Tail" at periphery). Solvent system: 12.5% w/w 
PEG-1000: 12.5% w/w K2HPO4 ATPS. 
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Figure 3.3b: The influence of mobile phase identity, flow rate and flow direction 
on the stationary phase retention at the end of the experiment relative to rotational 
speed. Column dimensions: 1.6 mm bore, 5.3 m long with a 10.8 ml capacity, 
fitted to the MILLI #1 CCC centrifuge and rotated in a clockwise direction 
("Head" at centre: "Tail" at periphery). Solvent system: 12.5% w/w PEG-1000: 
12.5% w/w K2HPO4 ATPS. 
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Figure 3.3c: The influence of mobile phase identity, flow rate and flow direction 
on the loss of stationary phase between the MP breakthrough point and the end of 
the experiment (SP "stripping") relative to rotational speed. Column dimensions: 
1.6 mm bore. 5.3 m long with a 10.8 ml capacity. fitted to the MILLI #1 CCC 
centrifuge and rotated in a clockwise direction ("Head" at centre; "Tail" at 
periphery). Solvent system: 12.5% w/w PEG-1000: 12.5% w/w K2HPO4 ATPS. 
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Figure 3.3d: Stationary phase retention and SP "stripping" as a percentage of 
column volume for the CCC experimental conditions that yielded the highest 
stationary phase retention values but also the highest SP "stripping" values. The 
experimental conditions were: MP = LP: direction of MP flow = "Tail" to 
"Head": MP flow rate = 0.25 mlmin . 
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Figure 3.3e: Stationary phase retention and SP "stripping" as a percentage of 
column volume for the CCC experimental conditions that yielded the most stable 
stationary phase retention values. and were subsequently used in the 
lysozyme/myoglobin separation studies using CCC. The experimental conditions 
were: MP = LP: direction of MP flow = "Head" to "Tail"; MP flow rate = 0.25 
mlmin-1. 
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3.4. Discussion 
3.4.1. The Effect of the Pumping Conditions on Stationary Phase Retention 
One of the determining factors in the retention of stationary phase by these 
columns is the direction of displacement favoured by the phase acting as the 
stationary phase. If the stationary phase favours displacement in the direction of 
the flow of the mobile phase, most of the stationary phase will exit the column 
along with the mobile phase. Conversely, if the stationary phase is displaced 
against the direction of mobile phase flow, increased stationary phase retention is 
achieved. 
Four pumping conditions were investigated: 
" UP as the MP, pumped "Head" to "Tail" 
" UP as the MP, pumped "Tail" to "Head" 
" LP as the MP, pumped "Head" to "Tail" 
" LP as the MP, pumped "Tail" to "Head" 
The results in Table 3.3a, Figure 3.3a and Figure 3.3b show that the highest 
stationary phase retention at the mobile phase breakthrough point and at the end 
of the experiment occurs when the lower phase is used as the mobile phase and is 
pumped in the "Tail" to "Head" direction. This high stationary phase retention 
occurs because the upper (less dense) phase, acting as the stationary phase, tends 
to favour moving to the "Tail" of the column. 
Therefore, for this phase system, the stationary phase retention data indicates that 
the lower phase moves to the "Head" and the upper phase moves to the "Tail". 
However, the data in Table 33a and Figure 3.3c show that the conditions that 
produce the highest stationary phase retention values also yield the highest 
amount of stationary phase "stripping" during the experiment. This indicates that 
these conditions, although favourable in absolute terms of retention, are highly 
unstable when considering how the retention changes during the experiment.. 
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In summary, when the lower phase acts as the mobile phase: 
" Pumping the mobile phase in the "Tail" --º "Head" direction produces a 
high initial Sf, but a low final Sf, indicating that there has been a high level 
of stationary phase "stripping", and that the hydrodynamic equilibrium 
created is unstable (Figure 3.3d). 
" Pumping the mobile phase in the "Head" --> "Tail" direction produces a 
moderate initial Sf and a low final Sf, indicating that there has been a low 
level of stationary phase "stripping", and that the hydrodynamic 
equilibrium created is reasonably stable (Figure 3.3e). 
The previous study by Sutherland and others on a Brunel/DE J- type CCC 
centrifuge (Sutherland et al, 2000) found that the lower phase always moves to the 
"Tail"; these results with an aqueous two - phase system show the opposite is 
found in practice. However, these results agree with the prediction made based on 
Ito's findings (Ito, 1992) which state that for hydrophilic phase systems the more 
dense phase moves to the "Head". One explanation for these different findings is 
that Sutherland et al used wider - bore tubing than that used by Ito in his study; it 
is known that in small bore tubing the viscous effects of the phases are more 
dominant than is found in wider - bore tubing. Hence the findings by Ito are likely 
to be influenced by the effects of phase viscosity, rather than the effects of the 
Archimedean Screw Force, which produces wave - like movement of the 
stationary phase towards one end of the column. 
The results for stationary phase retention when the upper phase is the mobile 
phase show that pumping the mobile phase in the "Head" to "Tail" direction 
produces greater stationary phase retention than pumping in the "Tail" to "Head" 
direction. This indicates that the lower phase favours moving to the "Head" end of 
the column, which correlates with the behaviour of the phases when the lower 
phase is used as the mobile phase. 
The higher stationary phase retention values obtained when the upper phase 
(rather than the lower phase) acts as the stationary phase could be a phenomenon 
of the relative viscosities of the phases; it is possible that the more viscose upper 
phase "sticks" to the internal walls of the column whilst the mobile lower phase 
flows through it. 
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3.4.2. The Effect of Mobile Phase Flow Rate on Stationary Phase Retention 
The results show that, in general, the slower mobile phase flow rate produces the 
greater stationary phase retention at the mobile phase breakthrough point. This 
correlates with the prediction made based on earlier studies (Maryutina et al, 
2003) that the slower the mobile phase flow rate, the greater the stationary phase 
retention. 
The slower mobile phase flow rate also produces, in general, the least stationary 
phase "stripping" from the column, although the relationship is not quite as 
definitive. 
3.4.3. The Effect of Rotational Speed on Stationary Phase Retention 
The results show that, in general, the greater rotational speed produces the greater 
stationary phase retention at the mobile phase breakthrough point. This correlates 
with the prediction made based on earlier studies (Maryutina et al, 2003) that the 
higher the rotational speed of the coil, the greater the stationary phase retention. 
The effect of rotational speed on the extent of stationary phase "stripping" is more 
ambiguous. When the upper phase is the mobile phase, there is very little 
"stripping" anyway, and no clear pattern with respect to rotational speed. When 
the lower phase is the mobile phase, and is being pumped in the "Head" to "Tail" 
direction, the extent of "stripping" decreases with increased rotational speed. 
However, when the lower phase is pumped in the "Tail" to "Head" direction, the 
stationary phase "stripping" is greatest at 1800 rpm when the flow rate is 0.5 
mlmin t. 
The extent of the loss of stationary phase from the column was measured from the 
mobile phase breakthrough point until the end of the experiment. It should be 
noted that the experiments had a fixed time span set by the operator from the start 
of the mobile phase pump; 80 minutes if the mobile phase flow rate was 0.25 
mlmiri 1 and 40 minutes if the mobile phase flow rate was 0.5 mlmin 1. It is likely 
that stationary phase "stripping" would have continued to occur if the time periods 
had been extended, possibly until all stationary phase had been lost from the 
column. The experiments were limited by time for practical reasons, however it 
should be noted that the systems did not reach completely stable dynamic 
equilibrium in these experiments. 
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3.5. Conclusions 
The purpose of this series of experiments was to identify a set of experimental 
parameters that would yield the greatest stationary phase retention and the least 
stationary phase "stripping" when a 12.5% w/w PEG-1000: 12.5% w/w K2HPO4 
ATPS was used in a column of bore 1.6 mm, length 5.3 m and capacity 10.8 ml 
fitted to the MILLI #1 CCC centrifuge. 
Unfortunately, no one set of parameters incorporated both criteria; those 
conditions that produced high stationary phase retention values also produced 
large losses of stationary phase from the column due to "stripping". It was thought 
that unstable stationary phase retention would produce poor protein resolution. 
It was decided to compromise and use a set of experimental parameters that, 
whilst not yielding the best stationary phase retention at the mobile phase 
breakthrough point, did not subsequently cause a large loss of stationary phase 
from the column. These experimental parameters were as follows: 
" Direction of coil rotation: Clockwise ("Head" at centre/"Tail" at 
periphery) 
" Direction of MP flow: "Head" to "Tail" 
" Composition of MP: LP of a 12.5% w/w PEG-1000: 12.5% w/w K2HPO4 
ATPS 
" Composition of SP: UP of a 12.5% w/w PEG-1000: 12.5% w/w K2HP04 
ATPS 
" Rotational speed of coil: 1800 rpm 
" MP flow rate: 0.25 mlmin 
These conditions had given a stationary phase retention value at the mobile phase 
breakthrough point of 50.93% CV, and at the end of the experiment of 43.98% 
CV, meaning a loss of only 6.94% CV stationary phase due to "stripping". 
It was decided that the next stage of the project (the study of the behaviour of 
lysozyme and myoglobin in the CCC centrifuges) should incorporate observing 
the effect of different mobile phase flow rates on the resolution of the proteins. 
The mobile phase flow rates used would be 0.125,0.25,0.5 and 1.0 mlmin 1 in the 
1.6 mm bore column, or the equivalent flow rates in larger bore columns. 
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Chapter 4- Separation of the Proteins Lysozyme and 
Myoglobin using J- Type CCC Centrifuges 
4.1. Introduction 
The previous chapter explored the behaviour of a 12.5% w/w PEG-1000: 12.5% 
w/w dipotassium hydrogen phosphate ATPS in a 1.6 mm bore, 5.3 in long, 10.8 
ml capacity column fitted to the MILLI #1 J- type CCC centrifuge. Studies of 
stationary phase retention and rate of loss of stationary phase from this column 
(stationary phase "stripping") were carried out for a range of experimental 
parameters, and from these results a set of optimum experimental conditions were 
proposed for the next stage of the project, namely the separation of the proteins 
lysozyme and myoglobin. 
The distribution ratios of lysozyme and myoglobin in the 12.5% w/w PEG-1000: 
12.5% w/w dipotassium hydrogen phosphate ATPS werel. 9 and 0.6 respectively. 
Theoretically, separation would occur if this phase system was used to separate 
lysozyme and myoglobin in the application of the CCC process. 
The experimental work to date had been carried out using a column of bore 1.6 
mm. It was thought that this width of column would not allow sufficient mixing of 
the two phases to produce protein separation, and so a column of bore 2.7 mm 
was employed. The later experiments in this chapter used a 4.0 mm bore column 
fitted to a SMART-MIDI centrifuge to test the hypothesis that increasing column 
bore increased protein resolution. 
The increase in the column bore necessitated an adjustment to the mobile phase 
flow rates used with the larger bore columns. The rate of liquid flow through a 
column is termed the mean linear velocity of the liquid, and is given by: 
Mean linear velocity = Mobile phase flow rate [Equation 4.1a] 
*C-S area of column tubing 
*C-S = Cross - sectional 
This equation was used to adjust the mobile phase flow rates accordingly, so that 
linear velocity values remained constant between the different columns. Although 
this allowed a degree of comparison between the different columns, the equation 
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does not take into account the volume occupied in the column by the stationary 
phase. 
The experiments detailed in this chapter also investigated the effect of increasing 
the mobile phase flow rate. It was thought that this would also enhance phase 
mixing within the column, leading to greater protein resolution. 
Use of the SMART-MIDI centrifuge necessitated a decrease in the rotational 
speed of that employed with the MILLI #1 centrifuge. This is because comparison 
between the two types of column can only be made if the gravitational force 
exerted on the column contents is the same for both systems (refer to Section 
3.2.2). 
The work to separate lysozyme and myoglobin using the J- type CCC centrifuges 
was the first attempt at protein separation using these instruments, and as such 
these experiments were the basis of much method development in the techniques 
involved. A number of operational difficulties were encountered during the 
experiments e. g. erratic readings from the UV detector due to a dirty detector cell, 
system over - pressurisation causing the rupture of a column. This necessitated a 
series of modifications to the experimental equipment and procedures as the work 
progressed. Details of any modifications that were made are given at the 
appropriate points, together with the reasons behind such modifications. 
Experiments in this chapter were only repeated if there had been an equipment 
failure of some sort; i. e. results for a particular set of experimental parameters are 
not available in duplicate or triplicate. 
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4.2. Materials and Methods 
4.2.1. Preparation of the Aqueous Two - Phase System 
The phase system used in these experiments was the 12.5% w/w PEG-1000: 
12.5% w/w K2HP04 ATPS. Appropriate quantities were prepared as required 
following the procedure in Section 2.1.1. 
4.2.2. Preparation of the Lysozyme and Myoglobin Loading Samples 
Lysozyme and myoglobin loading samples were prepared as in Section 2.5.1. The 
sample loop used in the CCC study had a volume of 2.32 ml (5.0% CV (column 
volume)). For each experiment, sufficient loading sample was prepared to 
completely fill the sample loop, and some of the loading sample was reserved for 
use in the HPLC analysis of the CCC fractions. 
4.2.3. Separation of Lysozyme and Myoglobin using the MILLI #1 J- Type 
CCC Centrifuge 
The MILLI #1 CCC centrifuge was originally fitted with the DEM-PRO #1 coil 
(refer to Table 2.3.1 a). An incident involving over - pressurisation of the system 
during an experiment caused the tubing of this coil to rupture. The damaged coil 
was replaced by the DEM-PRO #2 coil; both coils provided columns of similar 
dimensions. 
The protocol for the operation of this CCC centrifuge has been described in 
Section 2.3.7, with the experimental apparatus arranged as shown in Figure 
2.3.1 a. The dead volume of the system is defined as the volume of the connecting 
tubing plus half the volume of the sample loop. The length of this tubing was 
determined using a tape measure, and with the cross - sectional area of the tubing 
known, the dead volume was calculated to be 3.46 ml. 
The fixed experimental parameters were as follows: 
" Direction of coil rotation: Clockwise ("Head" at centre/"Tail" at 
periphery) 
" Direction of MP flow: "Head" to "Tail" 
" Composition of MP: LP of a 12.5% w/w PEG-1000: 12.5% w/w K2HPO4 
ATPS 
115 
" Composition of SP: UP of a 12.5% w/w PEG-1000: 12.5% w/w K2HPO4 
ATPS 
" Rotational speed of coil: 1800 rpm (approximately) 
" System temperature: 30°C ± 1.0°C 
" UV detector wavelength: 280 nm 
" UV detector cell: Analytical 
" Loading sample composition: Mixture of lysozyme at 1.0 mgml"1 and 
myoglobin at 1.0 mgml'1, giving a total protein concentration of 2.0 mgml" 
1. For each experiment, sufficient loading sample was prepared to 
completely fill the sample loop used, and some of the loading sample was 
reserved for use in the HPLC analysis of the CCC fractions. 
" Loading sample solvent: LP of a 12.5% w/w PEG-1000: 12.5% w/w 
K2HP04 ATPS. 
" Capacity of sample loop: 2.32 ml (5.0% of column volume) 
The variable experimental parameters are detailed in Table 4.2.3a. 
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The eluent from the column passed through a UV detector, which was set at 
wavelength 280 nm. The signal from the detector was analysed using Knauer 
"Eurochrom® for Windows Basic Edition V3.05" software, producing a 
chromatogram. 
Fractions were collected at the stated time intervals in glass vials and subjected to 
analysis by HPLC. 
After the termination of the experiment, the system contents were evacuated with 
nitrogen gas, and the volume of stationary phase retained in the column during the 
experiment was calculated. 
4.2.4. Separation of Lysozyme and Myoglobin using the SMART-MIDI J- 
Type CCC Centrifuge 
The SMART-MIDI CCC centrifuge was fitted with two coils connected in series, 
to give a column of bore 4.0 mm, length 34.3 m and capacity 431.0 ml. The 
protocol for the operation of this CCC centrifuge has been described in Section 
2.3.7, with the experimental apparatus arranged as shown in Figure 2.3.1 a, 
however UV detection was omitted due to equipment malfunction. The dead 
volume of the system was defined as the volume of the connecting tubing plus 
half the volume of the sample loop. The length of this tubing was determined 
using a tape measure, and with the cross - sectional area of the tubing known, the 
dead volume was calculated to be 22.5 ml. 
The fixed experimental parameters were as follows: 
" Direction of coil rotation: Forward ("Head" at centre/"Tail" at periphery) 
" Direction of MP flow: "Head" to "Tail" 
" Composition of MP: LP of a 12.5% w/w PEG-1000: 12.5% w/w K2HPO4 
ATPS 
" Composition of SP: UP of a 12.5% w/w PEG-1000: 12.5% w/w K2HPO4 
ATPS 
" Rotational speed of coil: 1100 rpm (approximately) 
" System temperature: 30°C ± 2.0°C 
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" Loading sample composition: Mixture of lysozyme at 1.0 mgml'1 and 
myoglobin at 1.0 mgml", giving a total protein concentration of 
2.0 mgml'1. For each experiment, sufficient loading sample was prepared 
to completely fill the sample loop used, and some of the loading sample 
was reserved for use in the HPLC analysis of the CCC fractions. 
" Loading sample solvent: LP of a 12.5% w! w PEG-1000: 12.5% w/w 
K2HPO4 ATPS (except for the experiment using a MP flow rate of 6.25 
mlmin 1, which had a loading sample solvent consisting of 50% LP + 50% 
UP of this phase system). 
" Capacity of sample loop: 21.55 ml (5.0% of column volume) 
The variable experimental parameters are detailed in Table 4.2.4a. 
Table 4.2.4a: The variable experimental parameters in the study of lysozyme and 
myoglobin separation using the SMART-MIDI CCC centrifuge. 
MP Flow Loading Sample Comparable Fraction Fraction 
Rate Solvent MP Flow Collection Volume 
(mlmin-1) Rate in 1.6 Interval (ml) 
mm Bore (min) 
Column 
mlmin 1 
6.25 50% UP + 50% LP of 1.0 1 6.25 
a 12.5% w/w PEG- 
1000: 12.5% w/w 
KZHPO4 ATPS 
25.0 LP of a 12.5% w/w 4.0 0.5 12.5 
PEG-1000: 12.5% w/w 
K2HPO4 ATPS 
The eluent from the column passed through a UV detector, which was set at 
wavelength 280 nm. The signal from the detector was analysed using Knauer 
"Eurochrom® for Windows Basic Edition V3.05" software, producing a 
chromatogram. 
Fractions were collected at the stated time intervals in glass vials and subjected to 
analysis by HPLC. 
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After the termination of the experiment, the system contents were evacuated with 
nitrogen gas, and the volume of stationary phase retained in the column during the 
experiment was calculated. 
4.2.5. Stationary Phase Retention 
Stationary phase retention (Sf) in the column was calculated at two time points for 
each experiment: at the mobile phase breakthrough point and at the end of the 
experiment. 
The total volume of this system is divided into the volume occupied by the 
column (where separation took place) and the volume of the tubing that formed 
the extra coil (dead) volume; this connects the column to the liquid - handling 
pumps and the detector. The dead volume would have contained stationary phase 
at the start of the experiment, the volume of which must be deducted from the 
volume of eluted stationary phase at the mobile phase breakthrough point. The 
resulting value was used to obtain the stationary phase retention at the mobile 
phase breakthrough point. 
The stationary phase retention was also calculated at the conclusion of the 
experiment. The centrifuge and the pumps were stopped, and the system contents 
evacuated with nitrogen gas. The system contents consisted of both mobile and 
stationary phase. It was assumed that at the end of the experiment the dead 
volume contained only mobile phase, so it was not necessary to deduct this 
volume from the volume of stationary phase collected at this point. The stationary 
phase volume was used to obtain the stationary phase retention at the end of the 
experiment. 
The following calculations were carried out for each experiment. Table 4.2.5a 
gives the meaning of each notation in the equations. 
VSP FROM COLUMN = VSP FROM SYSTEM - 
VD [Equation 4.2.5a] 
VSP RETAINED COLUMN MP B/P = 
VC - VSP FROM COLUMN [Equation 4.2.5b] 
Sf W Bp (%)" 
(VSp RETAINED COLUMN/VC) X 100 [Equation 4.2.5c] 
SfElE (%) _ (VSP MANED COLUMN FIE/VC) X 100 [Equation 4.2.5d] 
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Table 4.2.5a: Meaning of notations used in equations to calculate stationary 
phase retention values. 
Notation used in Meaning of Notation 
Equation 
VV Column volume of centrifuge 
VD Dead volume of system 
VSP FROM SYSTEM Volume stationary phase that eluted from the 
system at the mobile phase breakthrough point 
VSP FROM COLUMN Volume stationary phase displaced from the 
column at the mobile phase breakthrough point 
VSP RETAINED COLUMN MP B/P Volume stationary phase retained in the column at 
the mobile phase breakthrough point 
VSp RETAINED COLUMN FJB Volume stationary phase retained in the column at 
the end of the experiment (equivalent to the 
volume of stationary phase evacuated with 
nitrogen gas from the column at the end of the 
experiment) 
Sf w wp (%) Percentage stationary phase retention in the 
column at the mobile phase breakthrougkpoint 
SfEIE (%) Percentage stationary phase retention in the 
column at the end of the experiment 
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4.3. Results 
4.3.1. Chromatograms and Graphs from HPLC Analysis 
The chromatogram created from the detector signal in each experiment has been 
annotated to indicate the position of critical time points during the experiment, 
including the K =1 point. The results from the HPLC analysis of the fractions 
have been plotted to show how the lysozyme and myoglobin eluted over the time 
course of the experiment, and have been annotated with the predicted elution 
times of the proteins. For an explanation of the method used to calculate the K =1 
point and the predicted elution times of the proteins, refer to Section 2.6.2. 
The chromatogram and HPLC graph for the experiment using the MILLI #1 
centrifuge that gave the highest resolution between lysozyme and the myoglobin 
species are shown in Figures 4.3.1a and 4.3.1b. The chromatograms and HPLC 
graphs from this and all the other experiments are shown in Appendix 1. 
In all the experiments: 
" Rotational speed = 1800 rpm 
" LP=MP 
" Sample volume = 2.32 ml (5.0% CV) 
" Pumping of the mobile phase commenced at time zero. 
" The recording of data began at 1.5 minutes. 
" The mobile phase breakthrough point caused mixing of the two phases in 
the eluent that appears as the first peak on the chromatogram (the operator 
also observed at this point drops of mobile phase eluting from the column 
together with the stationary phase). 
" The sample was injected onto the column after the MP breakthrough point 
at the time indicated on each chromatogram (the pre - equilibration 
method). 
" Fraction collected commenced immediately, and continued until the end of 
the experiment. 
The experiment using the mobile phase flow rate 0.36 mlmin' was repeated once. 
This was because the coil inlet/outlet tube of the DEM-PRO #1 coil ruptured 
during the post - experiment cleaning process (Step Number 11 of Table 2.3.7a). 
This occurrence necessitated the production of a new coil (called DEM-PRO #2), 
and the introduction of a pressure gauge and pressure release valve located 
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upstream of the centrifuge. The experiment was repeated to assess the 
performance of the new coil, and check for any faults. The data obtained is 
reported in the tables of results, but is omitted from the graphs, where the data 
from the DEM-PRO #1 coil is used instead. 
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Figure 4.3.1 a: Chromatogram from experiment using MP flow rate 0.36 mlmin' 
in the DEM-PRO #1 coil with 2.7 mm bore. The k=I point has been quoted in 
units of time, having been converted from retention volume using Equation 
2.6.2b. The retention volume was calculated using Equation 2.6.2a. 
öo 0.3 
r 
St V 
0.25 
t 
0.2 
0.15 4 
0 1 
0 
. 
+ý 
4 
0.05 
C) 0 
p 
90 140 190 k! 1 240 290 340 
k=myo k=lyso 
+ Lysozyme 
Time from Start of Mobile Phase Pump (Mtntßes) 
-f Apomyoglotm 
-ý Myoglobin 
Figure 4.3.1b: Chromatogram created from HPLC analysis of fractions from 
experiment using MP flow rate 0.36 mlmin 
i in the DEM-PRO #1 coil with 2.7 
mm bore. The points k= myo and k= lyso are the theoretical retention times of 
myoglohin and lysozyme respectively, calculated using Equations 2.6.2a and 
2.6.2h. The k=I point was also calculated using Equations 2.6.2a and 2.6.2b. 
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The HPLC graphs for each experiment using the SMART-MIDI centrifuge (fitted 
with the 4.0 mm bore column) are shown in Figures 4.3.1c and 4.3.1d. The 
experiments are shown in order of increasing mobile phase flow rate. In both 
experiments: 
" Rotational speed= 1100 rpm 
" LP = MP 
" Sample volume = 21.55 ml (5.0% CV) 
" Pumping of the mobile phase commenced at time zero. 
" No UV detector was used therefore data for a chromatogram was not 
collected. 
" The mobile phase breakthrough point was identified by the operator noting 
the time at which drops of mobile phase first elute from the column 
together with the stationary phase. 
" The sample was injected onto the column at the time stated in the figure 
legend. 
" Fraction collected commenced at the time stated in the figure legend, and 
continued until the end of the experiment. 
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Figure 4.3.1 c: Chromatogram created from HPLC analysis of fractions from 
experiment using MP flow rate 6.25 mlmin-1 in the SMART-MIDI coil with 4.0 
mm bore. The sample was injected onto the column as soon as the mobile phase 
pump was started (a sandwich injection). Fraction collection began after 40 
minutes; fractions were collected every minute. The points k= myo and k= lyso 
are the theoretical retention times of myoglobin and lysozyme respectively, 
calculated using Equations 2.6.2a and 2.6.2b. The k=I point was also calculated 
using Equations 2.6.2a and 2.6.2b. 
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Figure 4.3. Id: Chromatogram created from HPLC analysis of fractions from 
experiment using MP flow rate 25.0 mlmin-' in the SMART-MIDI coil with 4.0 
mm bore. The column was pre - equilibrated before the sample was injected at 17 
minutes. Fraction collection began immediately; fractions were collected every 30 
seconds. The points k= myo and k= lyso are the theoretical retention times of 
myoglobin and lysozyme respectively, calculated using Equations 2.6.2a and 
2.6.2b. The k=I point was also calculated using Equations 2.6.2a and 2.6.2b. 
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4.3.2. Summary of Results 
The method for determining the distribution ratios of lysozyme and myoglobin in 
the 12.5% w/w PEG-1000: 12.5% w/w K2HPO4 ATPS is described in Section 
2.5.2. 
The results are as follows: 
Average A280 lysozyme in upper phase = 1.522 
Average A280 lysozyme in lower phase = 0.783 
Average A280 myoglobin in upper phase = 0.822 
Average A280 myoglobin in lower phase = 1.392 
The distribution ratio is given by the equation: 
D= Concentration of the solute in the upper phase [Equation 4.3.2a] 
Concentration of the solute in the lower phase 
For lysozyme: D=1.522 = 1.944 (1.9) 
0.783 
For myoglobin: D=0.822 = 0.591 (0.6) 
1.392 
The distribution ratio is also given by the equation: 
D= Concentration of the solute in the stationary phase [Equation 4.3.2b] 
Concentration of the solute in the mobile phase 
For lysozyme, if the UP is the MP: D=0.783 = 0.514 
1.522 
For lysozyme, if the LP is the MP: D =1.522 =1.944 
0.783 
For myoglobin, if the UP is the MP: D=1.392 = 1.693 
0.822 
For myoglobin, if the LP is the MP: D=0.822 = 0.591 
1.392 
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Table 4.3.2a summarises the values obtained for stationary phase retention, 
predicted and observed protein elution times, percentage protein recovery and 
protein resolution for the columns used in this study. Note that the table is 
extended over two pages, with the footnotes located on the second page. 
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4.3.3. Analysis of Stationary Phase Retention and Protein Resolution Values 
The data from the experiments using the 2.7 mm bore column (as reported in 
Table 4.3.2a) is presented graphically in Figures 4.3.3 a to 4.3.3d. The data for the 
mobile phase flow rate of 0.36 mlmin 1 was taken from the experiment using the 
DEM-PRO #1 coil, rather than the DEM-PRO #2 coil. 
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Figure 4.3.3a: Graph of stationary phase retention at the mobile phase 
breakthrough point at increasing mobile phase flow rates in the experiments using 
the 2.7 mm bore column for the separation of lysozyme and myoglobin. 
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Figure 4.3.3b: Graph of stationary phase retention at the mobile phase 
breakthrough point against the square root of the mobile phase flow rates (Du 
plot) in the experiments using the 2.7 mm bore column for the separation of 
lysozyme and myoglobin. 
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Figure 4.3.3c: Graph of protein resolution at increasing mobile phase flow rates 
in the experiments using the 2.7 mm bore column for the separation of lysozyme 
and myoglobin. 
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Figure 4.3.3d: Protein resolution at the stationary phase retention values obtained 
in the experiments using the 2.7 mm bore column for the separation of lysozyme 
and myoglobin. 
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4.4. Discussion 
4.4.1. Discussion of the Chromatograms and Graphs from the HPLC 
Analysis 
The chromatograms from the experiments using the 2.7 mm bore column all 
display two peaks. The first peak can be attributed to the turbidity caused by the 
mixing of the two phases at the mobile phase breakthrough point. The results from 
the HPLC analysis showed that in all the experiments, the second peak coincided 
with the elution of lysozyme, apomyoglobin and myoglobin i. e. the 
chromatograms did not show baseline separation of the lysozyme and the 
myoglobin species. This was confirmed by the graphs showing the HPLC results; 
the greatest separation of the proteins appears to occur in the experiments using a 
mobile phase flow rate of 0.36 mlmin 1, which was the lowest flow rate used in 
these experiments. 
4.4.2. Discussion of the Stationary Phase Retention and Protein Resolution 
Values 
The stationary phase retention values at the mobile phase breakthrough point 
varied between 7.8% (at a mobile phase flow rate of 25.0 mlmin 1) and 45.7% (at 
a mobile phase flow rate of 0.36 mlmin 1). The stationary phase retention values at 
the end of the experiments varied between 2.3% (at a mobile phase flow rate of 
6.25 mlmin I) and 33.3% (at a mobile phase flow rate of 0.36 mlmin 1). The 
greatest loss of stationary phase due to "stripping" was 20.7% (at a mobile phase 
flow rate of 0.72 mlmin 1); the least was 10.4% (at a mobile phase flow rate of 
0.36 mlmin l). Overall, the greater the mobile phase flow rate, the lower the 
stationary phase retention. Stationary phase is required in any chromatographic 
column if separation of compounds is to be successful. Therefore it is not 
surprising that the experiments giving the greatest degree of protein separation 
also had the highest stationary phase retention values at both points during the 
experiment. 
4.43. Discussion of the Protein Recovery Values 
The percentage recovery of lysozyme, apomyoglobin and myoglobin in each 
experiment can be seen in Table 4.3.2a. In many cases, the percentage recovery of 
a protein exceeds 100%. This can be explained by considering how the HPLC 
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detector calculated the concentration of protein present in very small amounts in 
the fractions from the CCC experiment. 
The detectors typically used with HPLC analysers will have an upper and lower 
limit of sensitivity. The lower limit occurs when the compound of interest is 
present at a certain (low) concentration. The detector will estimate what response 
should be reported; this will often be higher than the correct response for the 
quantity of compound actually present in the sample. Therefore, the HPLC should 
be used with caution when measuring very small quantities of a compound, and 
"detection limits" should be established. Detection limits are concentrations of a 
particular compound above and below which the detector response can no longer 
be taken as reliable. 
If a sample has too low a concentration of the compound of interest, the sample 
can be concentrated down and the concentrate analysed instead. 
Response 
(AU) 
Linear Region 
of Curve 
Upper Limit of 
Detector Sensitivity 
Figure 4.4.3a: Illustration of the location of detection limits on a graph of the 
concentration of a target compound against the response generated by the detector 
used to analyse the concentration of target compound in samples. 
An Eppendorf "5301 Concentrator" (Eppendorf UK Limited, Histon, Cambridge, 
UK) was used in an attempt to concentrate the proteins present in the fractions 
from the CCC experiment. It was difficult to control the amount of liquid being 
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Concentration of Target Compound (uglmd) 
lost by each fraction in the concentrator, and the proteins had a tendency to 
precipitate. This method was deemed unsuccessful, and it was decided to proceed 
with analysis of the unadulterated fractions by HPLC. It was considered important 
to obtain a complete picture of how the proteins eluted from the CCC centrifuge, 
despite the knowledge that the very small concentrations of protein in each 
fraction would potentially lead to detection errors as explained above. 
In addition, it is possible that the percentage recovery values for apomyoglobin 
and myoglobin in each experiment are affected by the particular structure of 
myoglobin. Myoglobin consists of a polypeptide chain bound to a haem group. 
Apomyoglobin is myoglobin in which the haem group has become detached. In 
six of the seven experiments detailed in Table 4.3.2a, the percentage recovery of 
myoglobin is less than that of apomyoglobin in the same experiment. It is possible 
that the CCC process has caused degradation of the myoglobin to apomyoglobin 
in these experiments; this would account for the difference in the percentage 
recovery values between the two types of myoglobin. 
In those experiments where the percentage recovery is less than 100%, it is 
possible that the proteins have adhered to the internal surfaces of the system. If 
this was suspected, the system was cleaned with a 0.5 M sodium hydroxide 
solution, and rinsed several times with distilled water before further use. 
4.4.4. Discussion on the Protein Resolution Values 
The greatest separation of lysozyme and the myoglobin species was achieved in 
the experiments using a mobile phase flow rate of 0.36 mlmin-1; the least 
separation occurred in the experiment with a mobile phase flow rate of 25.0 
mlmin71. It would appear that in these experiments, the slower the mobile phase 
flow rate, the greater the protein resolution. The resolution values achieved were 
less than one - third of those indicating complete or baseline separation; however 
a stationary phase retention of 45.7% (at a mobile phase flow rate of 0.36 mlmin 
1) would most probably be insufficient to obtain complete separation, even if the 
proteins had exhibited their predicted retention times. 
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4.5. Conclusions 
It was found that optimum conditions for separation of lysozyme and myoglobin 
using a 12.5 % w/w PEG-1000: 12.5% dipotassium hydrogen phosphate ATPS 
and aJ- type CCC centrifuge were: 2.7 mm bore column fitted to the MILLI #1 
centrifuge; rotational speed 1800 rpm; mobile phase flow rate 0.36 mlmin l; 
loading sample volume 2.32 ml (5.0% of the column volume) loaded onto a pre - 
equilibrated column. 
The mobile phase flow rate was a definitive factor in the magnitude of protein 
separation, whereas increasing the bore size of the column appeared to have no 
positive effect on resolution. However, it was of concern that the mobile phase 
flow rate of 0.36 mlmin 1 in a 2.7 mm bore column would be too slow to provide a 
viable commercial separation procedure. 
Therefore, it can be concluded that under these experimental conditions using this 
design of column on the J- type CCC centrifuge, the complete separation of 
lysozyme and myoglobin is not achievable. 
It was thought that the problems encountered when using the J- type CCC 
centrifuge for protein resolution (the incomplete partition of proteins between the 
phases and the poor stationary phase retention) may be overcome by using a 
centrifuge that operated on the principles of centrifugal partition chromatography; 
this work is addressed in the next chapter. 
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Chapter 5- Separation of the Proteins Lysozyme and 
Myoglobin using a CPC Centrifuge 
5.1. Introduction 
The separation of lysozyme and myoglobin using the Brunel/DE J- type CCC 
centrifuges was only partially successful (refer to Chapter 4). The incomplete 
separation of these proteins was thought to be caused largely by the poor mixing 
of the two phases within these columns, rather than inadequate stationary phase 
retention. This was because the proteins eluted closer to the K =1 point than at 
their predicted elution points, and the volume of stationary phase retained in the 
columns was sufficient to enable separation to take place. 
The model system used for the J- type centrifuge experiments was applied to the 
CPC centrifuge. It was considered that the more vigorous cascade mixing typical 
of the CPC process might overcome the problem with mass transfer of the 
proteins. Therefore, retaining the same model system allowed a direct comparison 
to be made between the performance of the J- type centrifuge and the CPC 
centrifuge. 
The design and operation of the CPC centrifuge and ancillary equipment has been 
described previously in Section 2.4. In this chapter, the influence of various 
experimental parameters, namely mobile phase flow rate, rotational speed, 
operational mode (ascending or descending), injection method, and loading 
sample volume on the resolution of lysozyme and myoglobin in the CPC are 
described. Once the optimal experimental conditions had been determined, the 
aim was to perform the same experiment on the pilot scale CPC centrifuge, and 
compare the performance of the two instruments. 
Experiments in this chapter were not repeated. Replicates were not undertaken 
because the aim of the experiments was to indentify trends in the operating 
parameters, rather than obtain absolute values for each parameter. That these 
separations were reasonably robust can be judged by the observation that the 
optimal operating conditions identified on the 1 litre centrifuge and used in the 
scale - up experiments on the 12.5 
litre pilot scale centrifuge produced protein 
resolution as predicted from the smaller scale study. 
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5.2. Materials and Methods 
5.2.1. Preparation of the Aqueous Two - Phase System 
The phase system used in these experiments was the 12.5% w/w PEG-1000: 
12.5% w/w K2HP04 ATPS. 4000 g quantities were prepared as required following 
the procedure in Section 2.2.1. 
5.2.2. Preparation of the Lysozyme and Myoglobin Loading Samples 
Lysozyme and myoglobin loading samples were prepared as in Section 2.5.1. The 
sample loop volumes used in the CPC study were: 8.0 ml (1.86% CV (column 
volume)); 21.5 ml (5.0% CV); 43.0 ml (10.0% CV); 86.0 ml (20.0% CV). For 
each experiment, sufficient loading sample was prepared to completely fill the 
sample loop used, and some of the loading sample was reserved for use in the 
HPLC analysis of the CPC fractions. 
5.2.3. Separation of Lysozyme and Myoglobin using the CPC Centrifuge 
The protocol for the operation of the CPC centrifuge has been described in 
Section 2.4.5. 
The column used was rotor number 1, total capacity 500 ml, of which 429 ml was 
the total cell volume and 71 ml was the total volume of the interconnecting ducts. 
The external dead volume was 1 ml, which was taken to be negligible. 
The mobile phase flow rate used was either 5.0 mlmin 1 or 10.0 mlmin 1, and the 
rotational speed of the centrifuge was 1000 rpm, 2000 rpm or 3000 rpm. The 
centrifuge was used in either descending mode (with lower phase as the mobile 
phase), or in ascending mode (with upper phase as the mobile phase). 
The eluent from the column passed through the UV detector, which was set at 
wavelength 280 nm. The signal produced was analysed using Windows "Excel" 
software, producing a chromatogram that was later annotated to indicate the 
position of critical time points during the experiment. 
Fractions were collected every minute in graduated 15 ml centrifuge tubes to 
allow accurate calculation of stationary phase retention and rate of loss of 
stationary phase from the column (stationary phase "stripping"). 
138 
5.2.4. Stationary Phase Retention 
Stationary phase retention (Sf) in the column was calculated at three time points 
for each experiment: at the mobile phase breakthrough point, at the equilibrium 
point, and at the end of the experiment. 
The total volume of the column was divided into the volume occupied by the cells 
(the active part of the column where separation takes place) and the ducts that 
connect the cells (it is assumed that the ducts are full of mobile phase during each 
experiment, and were inactive as far as the separation process was concerned). 
The ducts would have contained stationary phase at the start of the experiment, 
the volume of which must be deducted from the volume of eluted stationary phase 
at the mobile phase breakthrough point. The total cell volume is known and 
therefore the volume of stationary phase retained in the cells at a particular time 
point can be calculated. This value is used to give the stationary phase retention at 
that time point as a percentage of the total "active" volume of the column. 
The following calculations were carried out for each experiment. Table 5.2.4a 
gives the meaning of each notation in the equations. 
VSP FROM CELLS AT MP B/P = 
VSP FROM SYSTEM AT MP B/P - VD 
VSP RETAINED IN CELLS AT MP B/P = VC - VSP FROM CELLS AT MP B/P 
Sf MP B/P (%) = (VSP RETAINED IN CELLS AT MP B/P/ VC) x 100 
VSP FROM CELLS AT E/P = 
VSP FROM SYSTEM AT E/P - VD 
VSP RETAINED IN CELLS AT E/P = 
VC - VSP FROM CELLS AT E/P 
Sf EA? (%) _ (VSP RETAINED IN CELLS AT E/P/ 
VC) X 100 
VS? FROM CELLS AT E/E = VSP FROM SYSTEM AT E/E - VD 
VSP RETAINED IN CELLS AT E/E = 
VC - VSP FROM CELLS AT E/E 
Sf EiE (%) _ 
(VSP RETAINED IN CELLS AT EIEI VC) x 100 
[Equation 5.2.4a] 
[Equation 5.2.4b] 
[Equation 5.2.4c] 
[Equation 5.2.4d] 
[Equation 5.2.4e] 
[Equation 5.2.4f] 
[Equation 5.2.4g] 
[Equation 5.2.4h] 
[Equation 5.2.4i] 
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Table 5.2.4a: Meaning of notations used in equations to calculate stationary 
phase retention values. 
Notation used in Equation Meaning of Notation 
VC Total volume of cells 
VD Total volume of the interconnecting ducts 
Dead volume of system 
VSP FROM CELLS AT MP B/P Volume stationary phase displaced from the cells 
at the mobile phase breakthrough point 
VSP FROM SYSTEM AT MP B/P Volume stationary phase that eluted from the 
whole system at the mobile phase breakthrough 
point 
VSP RETAINED IN CELLS AT MP B/P Volume stationary phase retained in the cells at 
the mobile phase breakthrough point 
Sf Mp " (%) Percentage stationary phase retention in the cells 
at the mobile phase breakthrough point 
VSP FROM CELLS AT EJP Volume stationary phase displaced from the cells 
at the equilibrium point 
VSP FROM SYSTEM AT E/P Volume stationary phase that eluted from the 
whole system at the equilibrium point 
VSp pA D IN CELLS AT F/p Volume stationary phase retained in the cells at 
the equilibrium point 
Sf ER (%) Percentage stationary phase retention in the 
column at the equilibrium point 
VSP FROM CELLS AT E/E Total volume stationary phase displaced from 
the cells at the end of the experiment 
VSP FROM SYSTEM AT E/E Volume stationary phase that eluted from the 
whole system at the end of the experiment 
VSP RETAINED IN CELLS AT EM Volume stationary phase retained in the cells at 
the end of the experiment 
SfEIE (%) Percentage stationary phase retention in the cells 
at the end of the experiment 
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5.3. Results 
5.3.1. Chromatograms and Graphs from HPLC Analysis 
The chromatogram created from the detector signal in each experiment has been 
annotated to indicate the position of critical time points during the experiment. 
The results from the HPLC analysis of the fractions have been plotted to show 
how the lysozyme and myoglobin eluted over the time course of the experiment, 
and have been annotated with the predicted elution times of the proteins. 
The on - line and HPLC chromatograms from the experiment which gave the 
highest resolution between lysozyme and the myoglobin species are shown in 
Figures 5.3.1 a and 5.3.1 b. The on - line and HPLC chromatograms from this and 
all the other experiments are shown in Appendix 2. 
In this experiment: 
" The mobile phase flow rate was 5.0 mlmin 1. 
" The recording of data commenced at time zero. 
" The mobile phase breakthrough point caused mixing of. the two phases in 
the eluent that appears as a peak on the chromatogram (the operator also 
observed at this point drops of mobile phase eluting from the column 
together with the stationary phase). 
" Fraction collected commenced simultaneously with sample injection, and 
continued until the end of the experiment. 
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Figure 5.3.1a: Chromatogram from the experiment to determine the influence of 
decreasing the MP flow rate to 5.0 mlmin-1. The experimental parameters were: 
rotational speed 2000 rpm: LP was the MP (descending mode); sandwich 
injection; sample volume was 8.0 ml (1.86% CV). The MP flow rate was 5.0 
mlmin'1. 
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Figure 5.3.1 b: Chromatogram created from HPLC analysis of fractions from the 
experiment to determine the influence of decreasing the MP flow rate to 5.0 
mlmin*. The experimental parameters were: rotational speed 2000 rpm: LP was 
the MP (descending mode); sandwich injection; sample volume was 8.0 ml 
(1.86% CV). The MP flow rate was 5.0 mlmin-1. 
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5.3.2. Summary of Results 
Table 5.3.2a summarises the values obtained for stationary phase retention, 
predicted and observed protein elution times, percentage protein recovery and 
protein resolution for the columns used in this study. Note that the table is 
extended over two pages. 
The footnotes to the table are as follows: 
MP: Mobile Phase 
CPC Mode: Desc = Descending; Asc = Ascending 
Injection Type: PIE = Column pre - equilibrated before sample injection. S/W = 
Sandwich injection (samples injected with start of the mobile phase pump). 
K=1 point: the time interval between sample injection and protein elution if the 
proteins were distributed equally between the two phases in the column. 
Predicted & Observed Retention Times: the time interval between sample 
injection and the peak of protein elution, using the distribution ratios of the 
proteins. 
Predicted and observed retention times are calculated or reported with the sample 
injection time taken as time zero. 
The predicted retention time of each protein is first calculated as the predicted 
retention volume. This depends on what volume of stationary phase has been 
retained in the column as the proteins enter it, and what this value is at the end of 
the experiment. The stationary phase retention values depend on the experimental 
parameters used, and so the retention volume of each protein will vary for 
experiment to experiment. The volumes of mobile phase and stationary phase are 
taken to be those at: 
The mobile phase breakthrough point when calculating the retention time 
of the first protein to elute. This is because the partition behaviour of the 
first protein to elute is governed by the volume composition of mobile 
phase and stationary phase in the column at the mobile phase breakthrough 
point. 
The end of the experiment when calculating the retention time of the last 
protein to elute. This is because the partition behaviour of the last protein 
to elute is governed by the volume composition of mobile phase and 
stationary phase in the column towards the end of the experiment, when a 
degree of stationary phase "stripping" has occurred. 
Lyso: Lysozyme 
Apo: Apomyoglobin 
Myo: Myoglobin 
Sf rip Bm (%): Percentage stationary phase retention in the column cells at the 
mobile phase breakthrough point. 
Sf up (%): Percentage stationary phase retention in the column cells at the 
equilibrium point. 
Sf (%): Percentage stationary phase retention in the column cells at the end of 
the experiment. 
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The difference in the stationary phase retention value at the end of the experiment 
from the stationary phase retention value at the mobile phase breakthrough point 
gave an indication of how much stationary phase was lost to "stripping" between 
the mobile phase breakthrough point and the end of the experiment. 
N/C: Data not collected. 
Recovery (of Proteins) (%): Data shown is from HPLC results that include those 
fractions where the value for the mass of each protein is above or below the 
detector limit. 
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Figure 5.3.2a: Graph of protein resolution at increasing mobile phase flow rates 
in the 500 ml column of the CPC centrifuge. The experimental parameters were: 
rotational speed 2000 rpm: LP was the MP (descending mode); sandwich 
injection. loading sample volume was 8.0 ml (1.86% CV). 
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Figure 5.3.2b: Graph of protein resolution at increasing rotational speed in the 
500 ml column of the CPC centrifuge. The experimental parameters were: MP 
flow rate 10.0 mlmin-': LP was the MP (descending mode); sandwich injection; 
loading sample volume was 8.0 ml (1.86% CV). 
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Figure 5.3.2c: Graph of protein resolution at increasing loading sample volumes 
in the 50() nil column of the CPC centrifuge. The experimental parameters were: 
MP flow rate 10.0 mlmin-': rotational speed 2000 rpm; LP was the MP 
(descending mode): sandwich injection. 
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5.4. Discussion 
5.4.1. Discussion of the Results from the Experiment to Determine the 
Influence of Column Pre - Equilibration before Sample Injection 
The influence of column pre - equilibration is best evaluated by comparing 
Figures 2A-a and 2A-b with Figures 2A-i and 2A -j (pre - equilibration and 
sandwich injection methods respectively - all other parameters are identical). 
Both experiments produce baseline separation of lysozyme and the myoglobin 
species, however the peaks in the pre - equilibration experiment were broader 
than in the sandwich injection experiment, indicating that pre - equilibration of 
the column produced a less efficient separation than the sandwich injection 
method (refer to Section 1.2.4 for a description of column efficiency). 
Furthermore, Table 5.3.2a shows that resolution of lysozyme/apomyoglobin and 
lysozyme/myoglobin is much greater in the sandwich injection method. It is likely 
that the sandwich injection method is more efficient and produces better 
resolution because protein separation occurs when there is a reasonable volume of 
stationary phase in the column. Allowing the column to equilibrate and then 
injecting the sample means that there has been considerable loss of stationary 
phase and so the protein separation occurs in a column with a depleted volume of 
stationary phase. Therefore, the sandwich injection method gives better protein 
separation than the column pre - equilibration method. It has the additional 
advantage of decreasing the time taken in performing the experiment (the 
sandwich injection experiment took 3 hours 12 minutes to complete, as opposed 
to 4 hours 22 minutes for the pre - equilibration experiment). In the sandwich 
injection method experiment, the sample is already separating as the column is 
undergoing the equilibration process, so the experiment takes less time than if the 
pre - equilibration method is used. 
5.4.2. Discussion of the Results from the Experiments to Determine the 
Influence of the Centrifuge Operation Mode 
The centrifuge can be operated either in ascending mode (with the upper phase as 
the mobile phase) or in descending mode (with the lower phase as the mobile 
phase). 
The experiment in ascending mode was performed in duplicate (Figures 2A-c to 
2A-f). The experiment shown in Figures 2A-c and 2A-d had the largest stationary 
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phase retention values of the two, and also the greatest resolution values between 
the proteins; these factors are connected because a reasonable quantity of 
stationary phase in the column is necessary to allow protein separation to take 
place. The second experiment (Figures 2A-e and 2A-f) had resolution values 
almost half of the first experiment, almost certainly due to the lower stationary 
phase retention in this experiment. The variation in the results from these two 
experiments indicates that this operation mode is quite unstable. This may in part 
be due to this centrifuge lacking any mechanism of temperature control. The 
composition of aqueous two - phase systems, and hence their interfacial tension 
values, is temperature - dependent. The phase system used in these experiments is 
very close to the critical point in the phase diagram, and so only a small 
temperature increase is required to cause a decrease in interfacial tension. This 
will lead to more emulsification of the phases in the column, resulting in lower 
stationary phase retention, increased stationary phase "stripping", and lower 
protein resolution. 
The one comparable experiment that was conducted in descending mode (Figures 
2A-g and 2A-h) produced larger stationary phase retention and resolution than 
those conducted in ascending mode. Descending mode uses the upper phase as the 
stationary phase. The highly - viscous nature of this phase allows it to be retained 
within the column much more readily than the less viscous lower phase. 
Therefore, for protein separation, descending mode is the preferred operating 
mode of the CPC centrifuge. 
5.43. Discussion of the Results from the Experiment to Determine the 
Influence of Decreasing the Mobile Phase Flow Rate 
All experiments were conducted at a mobile phase flow rate of 10.0 mlmin', 
except for those shown Figures 2A-a & 2A-b and Figures 2A-i & 2A j, which 
were conducted at a flow rate of 5.0 mlmin 1. The column was pre - equilibrated 
in the first of these experiments, and there is no comparable experiment at the 
faster flow rate. Comparing the results of the experiment shown Figures 2A-i and 
2A -j with those of the experiment shown in Figures 2A-g and 2A-h (which has 
identical experimental parameters except for a flow rate of 10.0 mlmin 1), the 
slower flow rate produces the larger stationary phase retention and better protein 
resolution values. Therefore, it can be concluded that the slower the mobile phase 
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flow rate, the better the separation of the proteins. The experiment conducted at a 
flow rate of 10.0 mlmin-1 produced an entirely satisfactory protein separation. A 
slower flow rate increases the time taken for the separation to occur; therefore a 
flow rate of 10.0 mlmin 1 is deemed satisfactory both in terms of protein 
resolution and time efficiency. 
5.4.4. Discussion of the Results from the Experiments to Determine the 
Influence of Centrifuge Rotational Speed 
The experiments were conducted at three different rotational speeds: 1000 rpm 
(Figures 2A-k and 2A-1); 2000 rpm (Figures 2A-g and 2A-h); and 3000 rpm 
(Figures 2A-m and 2A-n). A rotational speed of 2000 rpm produced the greatest 
stationary phase retention and the greatest protein resolution; 3000 rpm also 
produced a baseline separation. The experiment at 1000 rpm produced an 
incomplete separation. 
Therefore, 2000 rpm appears to be the optimum rotational speed for protein 
separation. 
The effect of mobile phase flow rate and centrifuge rotational speed have been 
observed experimentally for aqueous - organic phase systems in CPC centrifuges 
(Foucault et al, 1992a; Foucault et al, 1992b). For a given phase system, droplet 
velocity is dictated by droplet size (refer to Section 1.3.6). If rotational speed and 
mobile phase flow rate are both increased, droplet size decreases but droplet 
number increases. This increases the interfacial area between the two phases in the 
centrifuge, leading to higher column efficiency and separation of components. 
However, an increase in droplet number created by increasing the mobile phase 
flow rate decreases the volume in the column available for stationary phase. 
Reduced stationary phase leads to lower column efficiency and separation of 
components. These statements imply that with aqueous - organic phase systems in 
CPC, optimum component separation is achieved by moderating both the mobile 
phase flow rate and the rotational speed of the centrifuge. 
In this study using an aqueous two - phase system, it appears that this approach of 
using a moderate rotational speed and mobile phase flow rate to gain optimum 
protein resolution also applies. A rotational speed of 2000 rpm (the middle value 
of the range tested) gives the best resolution. Of the two mobile phase flow rates 
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examined, the lower rate of 5.0 mlmin 1 gives the best protein resolution, but is 
found to be too time - consuming. These results lead to the conclusion that the 
observations by Foucault et al on the behaviour of aqueous - organic phase 
systems in CPC centrifuges can be applied tentatively to aqueous two - phase 
systems. A more extensive study e. g. experiments performed in triplicate; more 
rotational speeds such as 500 rpm, 1500 rpm, 2500 rpm, 3500 rpm, 4000 rpm; 
more mobile phase flow rates such as 2.5 mlmin 1,7.5 mlmiri 1,12.5 mlmin 1,15.0 
mimin 1 would explore this hypothesis further. 
5.4.5. Discussion of the Results from the Experiments to Determine the 
Influence of Loading Sample Volume 
The concentration of lysozyme and myoglobin in the loading sample used in this 
study was limited to 2.2 mgml" lysozyme and 2.2 mgml'1 myoglobin (± 0.2 
mgml'' each protein). It was found that these proteins precipitated when 
concentrations were increased above this level. Examination of the effect of 
increasing the mass of protein loaded onto the column had to therefore be 
conducted by varying the volume of the loading samples used in these 
experiments. 
There were four different volumes of loading sample used: 8.0 ml (1.86% CV); 
21.5 ml (5.0% CV); 43.0 ml (10.0% CV); and 86.0 ml (20.0% CV). The effect of 
increasing the volume of the loading sample was examined in the experiments 
shown in Figures 2A-g & 2A-h, 2A-o & 2A-p, 2A-q & 2A-r, and 2A-s & 2A-t 
respectively. The largest loading sample volume (86.0 ml or 20.0% CV) produced 
no protein separation; overloading the column in this way caused severe loss of 
stationary phase during the experiment, possibly because the large volume of 
protein solution had caused the emulsification of the two phases in the column. 
The experiments using loading samples of 21.5 ml (5.0% CV) and 43.0 ml (10.0% 
CV) were very similar to one another in that they produced almost complete 
protein separation. The experiment using the 8.0 ml (1.86% CV) loading sample 
produced the best separation of the four experiments; however use of this 
relatively small sample volume was deemed impractical and cost - inefficient 
when considering the scale - up and industrial application of this methodology. 
The separation achieved in the experiment where a 43.0 ml (10.0% CV) loading 
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sample had been used was considered acceptable and this volume of loading 
sample was recommended for future applications. 
5.4.6. Discussion of the Protein Recovery Values 
The percentage recovery of lysozyme, apomyoglobin and myoglobin in each 
experiment can be seen in Table 5.3.2a. In many cases, the percentage recovery of 
a protein exceeds 100%. This can be explained by considering how the HPLC 
detector calculated the concentration of protein present in very small amounts in 
the fractions from the CCC experiment, and was discussed in Section 4.4.3. 
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5.5. Conclusions 
The optimum conditions for separation of lysozyme and myoglobin using a 12.5 
% w/w PEG-1000: 12.5% KZHPO4 ATPS in the 500 ml column of the Armen 
CPC centrifuge were: rotational speed 2000 rpm; mobile phase flow rate 10.0 
mlmin 1; operated in descending mode (lower phase as mobile phase); loading 
sample volume 43.0 ml (10.0% CV) loaded by the sandwich injection method. 
These experimental parameters were employed in scale - up experiments, where 
the 500 ml capacity centrifuge was replaced by a 12.5 litre - capacity instrument 
(refer to Appendix 3). 
The CPC centrifuge provided, in general, greater resolution of the proteins than 
the J- type centrifuge, and for this reason was chosen as the centrifuge to use in 
the next stage of the study - the purification of a target protein (phosphomannose 
isomerase) from a fermentation supernatant. 
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Chapter 6- Purification of Phosphomannose Isomerase 
using a CPC Centrifuge 
6.1. Introduction 
Following the successful separation of a lysozyme and myoglobin mixture using 
CPC, the next objective was to use the same centrifuge to perform a purification 
of the enzyme phosphomannose isomerase (PMI) from an E. coli fermentation 
supernatant supplied by the industrial partner in this project, Syngenta Limited. 
PMI is a 50 kDa metalloprotein involved in the metabolism of mannose in both 
prokaryotes and eukaryotes. Mannose and its derivatives are common constituents 
of plant and animal cells, and are key components in carbohydrate metabolism. 
Mannose is phosphorylated by hexokinase to mannose-6-phosphate. PMI then 
catalyses the reversible interconversion of mannose-6-phosphate and fructose-6- 
phosphate (Privalle et al, 2000). Fructose-6-phosphate is an intermediate of 
glycolysis, ultimately producing energy for the organism. 
CH2OPO 4 
0 JO 
P CH2OPO4 CH2OH 
OH 
OH 
OH OH 0H OH 
OH 
Mannose 6-phosphate Fructose 6-phosphate 
Figure 6.1a: Reaction catalysed by PMI (adapted from Privalle et al, 2000). 
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GLUCOSE FRUCTOSE MANNOSE 
PT MP 4- 
ATP ATP 
Glucose 6-P Fructose 6-P 
4 
Mannose 6-P 
Aý PMI 
Fructose 1,6-P Mannose 1-P 
GTP 
Glycolysis GDP-mannose 
Lipid Carrier 
Proteins 
Ascorbate 
Glycosylation Reactions 
Figure 6.1b: Basic intermediary metabolism involving mannose in non - 
leguminous plant cells (adapted from Privalle et al, 2000). 
PMI is of interest to Syngenta, who have used its gene as a plant transformation 
selectable marker. The PMI gene is inserted into a cassette along with a gene of 
interest, and the cassette is then inserted into the genome of the target plant cells. 
Plants without the inserted cassette exhibit poor growth, as they cannot metabolise 
mannose-6-phosphate. Syngenta have employed this method in the transformation 
of crop species (Attenborough, 2006). 
Syngenta have devised an efficient expression system for PMI using E. coli. Large 
quantities of the enzyme can be rapidly produced, making it an ideal candidate 
protein for this project. 
An assay to measure the activity of this enzyme has also been devised by 
Syngenta, and is used in this study. It is based on the reversible reduction of the 
nicotinamide adenine dinucleotide coenzymes NAD+ or NADP+ to NADH or 
NADPH. The reduced forms of the coenzymes can be detected at 340 run, where 
the oxidised forms have negligible absorbance at this wavelength. The assay for 
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PMI is a coupled enzyme assay, where a product of the test enzyme (PMI) is used 
as a substrate for a second enzyme reaction which involves the reduction of 
NADP' to NADPH: 
IP\1I Pc; I 
Mannose E-º Fructose 
6-phosphate 6-phosphate 
6-phosphoglucono- 
6-lactone 
NADP NADPH +H 
Glucose H 
6-phosphate 
P, 11.1 k, I II lL' (ilv "oI \ III 
Tell}l\\, 1\ 
PMI = Phosphomannose isomerase 
PGI = Phosphoglucose isomerase 
G6PD = Glucose-6-phosphate dehydrogenase 
+ 
Figure 6.1c: Steps in the coupled enzyme assay for PMI, illustrating the 
interaction of the glycolytic and pentose phosphate pathways. 
In coupled enzyme assays, not only must all the substrates be present in excess, 
but the second enzyme (in the indicator reaction) must also be in excess. Note that 
it is enzyme activity that is measured, not enzyme quantity. Inactive enzyme may 
be present in the sample which will not be detected by this assay, but could be 
quantified by methods that detect total protein e. g. the Bradford assay. 
This assay is classified as a continuous or kinetic assay. The change in substrate 
or product is monitored as a function of time, to provide a progress curve for the 
reaction. These curves start off in a near - linear manner, decreasing in slope as 
the reaction proceeds and substrate is consumed. The initial velocity of the 
reaction can be obtained by drawing a tangent to the curve at zero time and 
measuring its slope. 
PMI concentration is calculated using the Beer Lambert Law, which states that: 
login (Idl) = cl[C] [Equation 6.1a] 
10 Intensity of the incident light 
I Intensity of the emergent light 
c Absorption coefficient or Absorptivity (a constant for the absorbing 
substance at that wavelength) 
[C'] Solute concentration (molL" or gL-1) 
/ Light path through the absorbing solution (cm) 
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Equation 6.1 a can be re - written as: 
A= cl [C] [Equation 6.1 b] 
Note: the spectrophotometer gives a direct measurement of loglo (lo/I), called the 
absorbance (A) {also denoted as extinction (E), or optical density (OD)). 
The light path through the cuvette is standardised at 1 cm, therefore: 
A= c[C] [Equation 6.1c] 
[C'] =A [Equation 6.1 d] 
E 
In the protocol for this assay, the presence of the PMI enzyme is measured in 
terms of activity. I unit (U) of activity is defined as the number of µmoles of 
NADP reduced per minute. Concentration of enzyme activity is given by: 
Conc° Activity = [Change in abs/mini x 11000 JdNol (µl) sample in cuvettej 
Absorption coefficient for PMI 
or 
Uml" = [AA/mini x [1000µ1V01(µ1) sample in cuvette] [Equation 6.1e] 
6.2 
The absorption coefficient for PMI is 6.2, as given in the Syngenta protocol for 
this assay. The protocol is an in - house document, and is not available in the 
public arena. 
Analysis of the activity of PMI in each phase of the two - phase system provides a 
distribution ratio for the active enzyme that is essential when devising a protocol 
for separation by CPC. 
The assay was also to be used in determining the activity of the enzyme in 
fractions collected during the separation process. These enzyme activity values 
can be used to calculate the specific activity in each fraction. Specific activity is a 
measure of how much of the protein present in a fraction is active enzyme, and is 
given by: 
Specific activity = Enzyme activity in fraction (Umi-1) [Equation 6.11] 
Conch total protein in fraction (mgml-1) 
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The total protein present in the fraction is likely to be a mixture of active and 
inactive PMI, plus other proteins and enzymes. Calculating active PMI as a 
fraction of all protein present in the fractions allows the effectiveness and 
suitability of the CPC separation process for the purification of active enzymes to 
be assessed. 
The cell paste supplied as the raw material for the CPC experimental work was 
produced by Syngenta using fermentation of recombinant E. coli (as detailed in 
Section 6.2.1). Syngenta currently produce purified PMI from this cell paste by 
thawing the frozen cell paste in buffer and passing it through a cell disruptor. 
After clarification by centrifugation the extract is taken to a concentration of 0.2% 
protamine sulphate and centrifuged. The supernatant is loaded onto aQ Sepharose 
column and the protein eluted with a 0-250 mM sodium chloride gradient. 
Fractions containing PMI are pooled, concentrated and further purified on a 
Superdex 200 column in a 50 mM ammonium bicarbonate buffer. PMI 
concentration in the pooled fractions is estimated by densitometry and the sample 
aliquoted into vials. The samples are then lyophilised for storage at -18°C. 
The purity of the PMI from this preparation is estimated to be 98.5%. Percentage 
recovery data is not available. 
The aim of this study is to investigate the feasibility of replacing the two solid - 
liquid chromatography stages with purification using CPC. Successful purification 
using the 500 ml CPC centrifuge would indicate that large - scale purification of 
PMI (using the 12.5 litre centrifuge) is possible. 
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6.2. Materials and Methods 
6.2.1. Preparation of the Fermentation Cell Paste 
The following fermentation stage in the production of recombinant PMI was 
carried out by Syngenta employees, and the cell paste produced was supplied for 
use in this study. 
In brief, E. coli cells containing the PMI gene were grown in Luria Bertani (LB) 
medium overnight at 37°C. A fermenter was prepared with 20 litres low - 
cellulose medium (LCM), supplemented with 200 µgml'1 Ampicillin (Sigma). 
Innoculation of the batch culture was with 1 litre of the LB medium containing the 
E. cola cells, and the fermentation temperature was 37°C. PMI production was 
induced by the addition of 0.5 mM isopropyl ß-D-l-thiogalactopyranoside (IPTG) 
(Sigma) at 28°C. The cells were harvested by continuous centrifugation, and the 
cell paste stored at -80°C. 
Specific details of the PMI expression vector used in this process is proprietary 
information held by Syngenta, and as such was unavailable. 
6.2.2. Preparation of the Fermentation Supernatant 
The fermentation stage produced PMI as an intracellular protein, and the resulting 
cell paste consisted of intact E. coil cells. These cells were ruptured to release the 
PMI into a solution that was used in the next stage of the purification process. 
Preparation of the fermentation supernatant was done in collaboration with Sheila 
Attenborough, Technical Specialist at the Syngenta laboratories (Bracknell, UK), 
and was carried out as follows: 1.0 M Trishydroxymethylaminomethane (Tris) 
solution was prepared from TRIZMA® base (Sigma) and ultrapure water (purity 
18.2 MfQcni 1). The pH was adjusted to 7.0 using concentrated hydrochloric acid 
(pH 14.1 M). This solution was then diluted to produce a 50 mM Tris buffer 
solution. Approximately 10 g cell paste was removed from -80°C storage and 
homogenised using a pestle and mortar with 50 ml of the 50 mM Tris buffer 
solution. The resulting cell "slurry" was passed through a cell disruptor (Constant 
Systems, Daventry, Northamptonshire, UK) at a pressure of 35 000 psi. The 
preparation was centrifuged at 50 000 G for 30 minutes at 4°C using a Sorvall 
"RC5C Plus" centrifuge fitted with a SS-34 rotor (Thermo Scientific, 
Basingstoke, Hampshire, UK). The supernatant (approximate volume 70 ml) was 
stored at -80°C as 10 ml aliquots. 
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6.2.3. Determination of the Distribution Ratio of PMI in the Aqueous Two - 
Phase System 
The separation of lysozyme and myoglobin with the CPC centrifuge used the 
12.5% w/w PEG-1000: 12.5% w/w K2HPO4 aqueous two - phase system. The 
same phase system was now used to perform a purification of PMI from the 
fermentation supernatant. This part of the study was concerned not with 
establishing the optimum phase system for PMI, but rather to use PMI to explore 
how a protein from a fermentation preparation behaved in the CPC separation 
process. 
Designing the CPC stage of the purification process required knowledge of the 
distribution ratio of PMI in this phase system. This was determined by adding 
pure PMI to the phase system and measuring the enzyme activity in the upper and 
lower phases. The assay used is detailed in Section 6.1. A 100 g quantity of the 
phase system was prepared (as in Section 2.2.1), mixed thoroughly and a 1.0 ml 
aliquot transferred to a microcentrifuge tube. 10 pl of purified PMI solution 
(purified by Syngenta using their existing method and with concentration 0.5 
mgml'1) was added to the 1.0 ml phase system, and mixed by inversion. A 25 pl 
aliquot of the mixture was removed and stored on ice. The phase system in the 
microcentrifuge tube was allowed to separate into upper and lower phases, 25 111 
aliquots taken from each phase and stored on ice. 
The PMI assay mix was prepared as follows: 735.0 µl 50 mM Tris buffer solution 
at pH 7.0 (as made in Section 6.2.2); 100.0 gl 16 mM mannose-6-phosphate 
solution (Sigma); 100.0 pl 8mM NADP solution (Sigma); 
20.0 µ1 100 Uml-1 phosphoglucose isomerase solution (Sigma); 
20.0 µl 100 Uml'1 glucose-6-phosphate dehydrogenase solution (Sigma). 
The assay mix was transferred to a semi - micro quartz cuvette and the 
absorbance at wavelength 340 nm recorded over 80 seconds in a Hitachi U-2010 
spectrophotometer (path length 10 mm) equipped with Hitachi "UV Solutions 
1.1" software until a stable baseline reading was produced. The 25 p1 sample from 
the mixed phases was added to the cuvette, and the enzymatic reaction followed 
by monitoring changes in the absorbance at wavelength 340 nm recorded over a 
120 second time period. 
This procedure was repeated for both upper phase and lower phase samples, using 
fresh PMI assay mix on each occasion. 
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The data for each sample was displayed graphically (absorbance at wavelength 
340 nm against time in minutes), and the gradient of the line calculated by the 
software. The gradient of each graph gave the rate of change of absorbance at 
340nm, which is directly related to the activity of PMI present in the sample. The 
data was used to determine a distribution ratio of PMI in this phase system. 
6.2.4. Studying the Effect of PMI Supernatant Concentration on Phase 
Separation 
This part of the study aimed to establish the maximum concentration of PMI 
supernatant that could be used to make the 12.5% w/w PEG-1000: 12.5% w/w 
K2HPO4 phase system without affecting the rate of phase separation. 
The supernatant prepared in Section 6.2.2 was defrosted and serially diluted with 
distilled water (purity 1.0 M! lcm 1) to create 10 ml solutions of the following 
dilutions: 0.1%, 1.0% and 10.0%. Separate 10 g phase systems were created by 
combining 1.25 g PEG-1000,1.25 g dipotassium hydrogen phosphate and 7.5 g of 
the diluted supernatant solution (plus a phase system made with distilled water to 
act as a control) in graduated 10 ml measuring cylinders equipped with stoppers. 
The contents of each cylinder were mixed by inversion, and the positions of the 
interfaces (refer to Figure 6.2.4a) noted at 10 second intervals, using the 
graduations on the measuring cylinders as a guide. 
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Figure 6.2.4a: Diagram illustrating the location of the different phases and 
interfaces during the early stages of the separation of a 12.5% w/w PEG-1000: 
12.5% w/w K2HPO4 ATPS made with dilutions of the PMI fermentation 
supernatant. 
This process was performed in triplicate for each solution, and the position of 
each interface within the measuring cylinder plotted against time (refer to Figures 
6.3.2a. 6.3.2b. 6.3.2c and 6.3.2d). The measurements were stopped for each 
experiment at the time shown in Figures 6.3.2a, 6.3.2b and 6.3.2c (pure water, 
0.1 % and 1.0% supernatant solutions respectively). Measurements for the 
experiment using the 10.0% supernatant solution (Figure 6.3.2d) were stopped 
after 30 minutes; there was no further change in the position of the interfaces in 
this phase system after 660 seconds or 11 minutes. 
6.2.5. Preparation of the CPC Loading Sample: Partial Purification using 
Ammonium Sulphate Precipitation 
The results from the study of the effect of PMI supernatant concentration on phase 
separation showed that the PMI fermentation supernatant diluted 10 - fold with 
water would create an emulsion when used with the 12.5% w/w PEG-1000: 
12.5% w/w K,, HP04 ATPS. thus prohibiting phase separation. However, using a 
more dilute supernatant was not practical when attempting to transfer the 
experiment to the CPC centrifuge stage. It was thought that the factors causing the 
emulsification were most likely to be contaminant proteins that could be removed 
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by another purification step, and so the PMI supernatant prepared from the cell 
paste was subjected to an ammonium sulphate salt precipitation stage. This 
precipitated the proteins in the supernatant, leaving contaminant molecules such 
as nucleic acids and carbohydrates in solution, which was discarded. The 
precipitated proteins were re - suspended with phase solution ready for the CPC 
purification stage. 
The ammonium sulphate precipitation step was carried out as follows: 50 ml PMI 
supernatant (as prepared in Section 6.2.2) was defrosted and centrifuged at 6000 
rpm for 10 minutes. The resulting supernatant was stirred at 8°C whilst 16.25 g 
ammonium sulphate (BDH Chemicals Ltd, Poole, Dorset, UK) was cautiously 
added. Caution was necessary to prevent the formation of regions of high - salt 
concentration within the solution, which could potentially denature the enzyme. 
The mixture was stirred for 65 minutes at 8°C, then centrifuged at 10 000 rpm for 
20 minutes. The supernatant was discarded, and the pellet re - suspended in 40.0 
ml upper phase of a 12.5% wlw PEG-1000: 12.5% w/w K2HPO4 ATPS by stirring 
overnight at 8°C. 
6.2.6. Determination of the Protein Concentration in the CPC Loading 
Sample 
The PMI suspension produced from the ammonium sulphate precipitation stage 
(Section 6.2.5) contained both the PMI enzyme and contaminant proteins. It was 
necessary to know the total protein concentration of the suspension, so that (if 
necessary) a dilution could be made before the CPC stage was undertaken. 
Knowledge of the total protein concentration of the suspension would also ensure 
that the CPC loading sample would have approximately the same protein 
concentration as that used in the lysozyme/myoglobin separation experiments, 
thus facilitating comparison between the two studies. 
Protein concentration was determined according to the Bradford method 
(Bradford, 1976). A standard curve was created using the following solutions of 
BSA (Sigma) dissolved in the upper phase of a 12.5% w/w PEG-1000: 12.5% 
w/w K2HPO4 ATPS: 0.25 mgml'1; 0.5 mgml'1; 0.75 mgml'1; 1.0 mgml'1; 
1.5 mgml''. 
0.1 ml of each solution (plus 0.1 ml upper phase acting as a blank) was added to 
3.0 ml Bradford reagent (Sigma) and incubated at room temperature for 20 
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minutes. The absorbance at 595 nm was obtained using a Hitachi U-1800 
spectrophotometer, and the data presented graphically. 
The PMI suspension (as prepared in Section 6.2.5) was diluted 1: 10 with upper 
phase and analysed by the Bradford method (above) to give the total protein 
concentration of the PMI solution. 
6.2.7. Purification of PMI using the CPC Centrifuge 
The CPC centrifuge was used to purify the PMI from any remaining contaminant 
proteins present in the preparation from the ammonium sulphate precipitation 
stage. 
The distribution ratio calculated earlier (refer to Sections 6.2.3 and 6.3.1) 
indicated that PMI favoured the upper phase of the phase system in an 
approximate ratio of 10: 1. Therefore, the upper phase was used as the mobile 
phase for this experiment, ensuring that the majority of the PMI would elute from 
the column with the mobile phase. 
The partially - purified PMI suspension had a total protein concentration of 
=13 mgml"1. The CPC experiments with lysozyme and myoglobin used loading 
samples of total protein concentration 4.5 mgml"1. In order to create a loading 
sample of comparable total protein concentration, and to prevent overloading the 
column with protein, the PMI suspension was diluted 1: 3 with upper phase. 
The protocol for the operation of the CPC centrifuge has been described in 
Section 2.4.5. The operational parameters used were: 
" Direction of MP flow: Ascending 
" MP flow rate: 10.0 mlmin 
1 
0 Phase system: 12.5% w/w PEG-1000: 12.5% w/w K2HP04 ATPS 
equilibrated and separated at 30°C 
" Composition of MP: upper phase of this phase system 
" Composition of SP: lower of this phase system 
" Rotational speed of column: 2000 rpm 
" Back pressure regulator: Not fitted 
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" Method of loading sample: Sample was diluted as above and 50 ml drawn 
up into a syringe. Syringe was inverted to mix the contents before the 
sample loop was filled via the injection port 
" Concentration of total protein in loading sample (approximate): 4.5 mgml"1 
" Sample loop capacity: 43.0 ml (10.0% of column volume) 
" Mass of protein loaded (approximate): 193.5 mg 
" Chromatogram recording started: 0'00" 
" MP pump started: 18' 10" 
" Sample injection made: 18' 10" (Sandwich Injection) 
" Start of collection of first fraction: 18' 10" 
" Time interval of fraction collection: 1' 00" 
" Experiment stopped: 118' 10" 
Fractions were collected every minute in graduated 15 ml centrifuge tubes to 
allow accurate calculation of stationary phase retention and rate of stationary 
phase "stripping". Fractions were then pooled in pairs to reduce the number of 
samples destined for further analysis; i. e. fractions 1 and 2 were combined to give 
"fraction 2", fractions 3 and 4 were combined to give "fraction 4", and so on. 
The flow chart below illustrates the stages used in analysing the CPC fractions. 
The PMI assay was carried out on fractions 34/35 to 58/59 inclusive; these were 
collected as the first and second peaks appeared on the chromatogram (Figures 
6.3.4a and 6.3.4b). PMI has a distribution ratio of approximately 10: 1 in this 
phase system, and it was therefore predicted that it would be one of the first 
proteins to elute from the column, and that these fractions were most likely to 
contain PMI. Fractions 66/67 were collected towards the end of the experiment, 
when the chromatogram reading was returning to baseline. They were assayed to 
confirm that all the PMI had eluted by the later stages of the CPC run. 
The Bradford assay was carried out on fractions 34/35 to 76/77 inclusive; these 
were collected over the time period when all three peaks appeared on the 
chromatogram. These peaks indicate the likely presence of protein. 
The specific activity was calculated in fractions 34/35 to 58/59 inclusive and 
fraction 66/67. 
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Fractions 34/35 to 62/63 inclusive were subjected to sodium dodecyl sulphate 
polyacrylamide gel electrophoresis (SDS-PAGE) to further analyse the protein 
content of the fractions, and densitometry of the gels quantified this protein 
content. 
The CPC loading sample was analysed alongside the fractions, to allow 
comparison of the PMI supernatant both before and after the CPC process. 
Measurement of PMI Activity (using the PMI Assay) 
1 
Measurement of Total Protein (using the Bradford Assay) 
Calculating the Specific Activity (using PMI Activity and Total Protein data) 
I 
SDS-PAGE and Densitometry 
6.2.8. Analysis of Fractions: Measurement of PMI Activity 
The PMI assay detailed in Section 6.1 was used to calculate the concentration of 
active PMI (in Uml") present in selected fractions from the CPC stage. 
A standard curve was created to determine the concentration range over which the 
PMI assay exhibits linear behaviour; this information was then used to dilute the 
CPC fractions (if necessary) to bring the concentration of active PMI in each to 
within this linear range. 
The standard curve was created as follows: purified PMI (Syngenta) was 
dissolved in 50 mM Tris buffer, pH 7.0 (as made in Section 6.2.2) to create the 
following standard solutions: 0.005 mgmr'; 0.05 mgml-1; 0.1 mgml-1; 
0.25 mgml'1; 0.5 mgml"t. 
The PMI assay mix was prepared as follows: 750.0 µl 50 mM Tris buffer solution 
at pH 7.0; 100.0 µl 16 mM mannose-6-phosphate solution (Sigma); 100.01118mM 
NADP solution (Sigma); 20.0 td 100 Uml'1 phosphoglucose isomerase solution 
(Sigma); 20.0 µl 100 Uml71 glucose-6-phosphate dehydrogenase solution (Sigma). 
The assay mix was transferred to a semi - micro quartz cuvette, 10.0 [d of the 
0.005 mgml" standard solution added, and changes in the absorbance at 
wavelength 340 nm recorded over 120 seconds in a Hitachi U-1800 
spectrophotometer (path length 10 mm) equipped with Hitachi "UV Solutions 
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2.0" software. The procedure was repeated for the remaining standard solutions, 
with the data for each sample being displayed graphically. This information was 
used to construct the standard curve graph. 
The procedure was repeated with the selected CPC fractions and loading sample 
replacing the standard solutions. Fractions estimated to contain high 
concentrations of PMI were diluted either 1: 40 or 1: 100 to bring the response of 
the spectrophotometer to within the linear range on the standard curve. The CPC 
loading sample was diluted 1: 200 for the same reason. Those fractions estimated 
to have low concentrations of PMI were not diluted. 
6.2.9. Analysis of Fractions: Measurement of Total Protein Concentration 
Protein concentration was determined according to the Bradford method 
(Bradford, 1976), and the standard curve prepared as in Section 6.2.6. 
The fractions were diluted as necessary with upper phase to bring the absorbance 
readings to within the linear range on the standard curve, and analysed as in 
Section 6.2.6, to give the concentration of total protein in each fraction. 
6.2.10. Analysis of Fractions: Trichloroacetic acid precipitation, SDS-PAGE 
and Gel Staining 
Trichloroacetic acid precipitation was carried out on fractions 34/35 to 62/63 (plus 
the loading sample) to remove any polyethylene glycol (PEG) present before 
analysis by SDS-PAGE. 
Each fraction consisted mainly of upper (mobile) phase and a small volume of 
lower (stationary) phase (as a result of stationary phase "stripping" from the 
column during the CPC separation process). The proteins in each fraction had 
partitioned between these two phases according to their individual distribution 
ratios. 
To obtain an aliquot that contained proportionate amounts of each protein as they 
were present in the fraction overall, each fraction was mixed by inversion and an 
aliquot of appropriate volume transferred to a microcentrifuge tube. The volume 
of the aliquot depended on the estimated concentration of protein present in the 
fraction; approximately 50 µg per aliquot was required for successful analysis by 
SDS-PAGE. 
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The volume of each aliquot was increased to 500 µl with 50 mM Tris buffer, pH 
7.0, then 500 µl ultrapure water (purity = 18.2 Mffcm1) added to produce a total 
volume of 1.0 ml. 
250 µl 8.75 M trichloroacetic acid (Sigma) solution was added to each 1.0 ml 
aliquot, and the samples incubated at 4°C for 10 minutes. 
The samples were centrifuged at 13 000 rpm for 5 minutes in a "Heraeus Biofuge 
Pico" microcentrifuge (Thermo Scientific, Basingstoke, UK) and the supernatant 
removed. Each pellet was washed twice with 1.0 ml ice - cold acetone (Fisher 
Scientific UK Ltd, Loughborough, Leicestershire, UK) and left overnight at room 
temperature to dry. 
lx Laemmlli buffer solution, pH 7.0 was prepared as follows (all reagents from 
Sigma): 0.0625 M Tris buffer, 2.0% sodium dodecyl sulphate (SDS); 5.0% 
glycerol; 0.01% bromophenol blue; 0.2% ß-mercaptoethanol. 
100 µl of the buffer solution was added to each sample prepared by trichloroacetic 
acid precipitation and the samples boiled in a water bath for six minutes. 
Electrophoresis was carried out using a "Mini-Protean 2" gel electrophoresis 
system (Bio-Rad, Hemel Hempstead, Hertfordshire, UK), Tris-glycine SDS 
running buffer (Invitrogen, Paisley, UK), and 10 - well 10% Tris-HCI 
electrophoresis gels (Bio-Rad). Each gel was loaded with the following: 5.0 µl 
"High-Range Rainbow" molecular weight marker (GE Healthcare UK Ltd, 
Chalfont St Giles, Buckinghamshire, UK); 35.0 µl pure PMI solution, 
concentration 5.0 mgml-1(Syngenta); 35.0 pl each sample (prepared as above). 
The system was connected to a "POWER PAC 300" power pack (Bio-Rad), and 
electrophoresis carried out at 80 Volts over 90 minutes to ensure efficient 
resolution of proteins. 
On completion of electrophoresis, the gels were washed in ultrapure water three 
times, stained with "SimplyBlueTM SafeStain" (Invitrogen) for two hours, and de 
- stained in ultrapure water overnight. 
6.2.11. Analysis of Fractions: Gel Imaging and Densitometry 
Images of the gels were taken in the Division of Biosciences laboratories, Brunel 
University using a UMAX flatbed scanner (Milton Keynes, Buckinghamshire, 
UK) and "Vista Scan Version 3.7.5" software (LaserSoft Imaging AG, Kiel, 
Germany). The images were analysed using densitometry by Sheila 
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Attenborough, Technical Specialist (Syngenta, Bracknell, UK). "Scanner Control" 
software (Molecular Devices Ltd, Wokingham, Berkshire, UK) was used for the 
scanning process, and "ImageQuant 5.0" (Molecular Devices) for the 
quantification process. 
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6.3. Results 
6.3.1. Determination of the Distribution Ratio of PMI in the Aqueous Two - 
Phase System 
The PMI distribution ratio in the phase system was determined by measuring the 
concentration of enzyme activity in the upper and lower phases. 
The concentration of PMI activity in each phase is the number of pmoles of 
NADP reduced per minute, and is given by: 
Activity = [Change in absorbance/min] x [1000 RI/Vol test sole in cuvette (in ul)1 
Absorption coefficient for PMI 
[Equation 6.3.1 a] 
Activity = Concentration of PMI activity measured in Umre 
Absorption coefficient for PMI = 6.2 
For the upper phase, activity=10.068991 x [1000/251= 0.44510 Uml"1 
6.2 
For the lower phase, activity = [0.0067881 x [1000/25] = 0.04379 Uml*' 
6.2 
The ratio of PMI activity upper phase: lower phase = 0.445 10 =10.16 
0.04379 
Therefore, the distribution ratio for PMI (UP/LP) = 10: 1. 
This indicates that the PMI favours the upper phase of this phase system over the 
lower phase by a factor of ten. 
When using aqueous two - phase systems to separate or purify proteins, it is 
important to determine if the phase system will cause the protein to precipitate, as 
this will adversely affect the efficiency of the process. Insoluble material present 
in an ATPS will precipitate at the interface between the two phases, rather than 
collecting in one of the phases. If the insoluble material is an enzyme (e. g. PMI) 
the extent of precipitation can be quantified using the appropriate assay. This is 
done by measuring the enzyme activity in the upper phase, lower phase, and in the 
phases when they are mixed together. 
The sum of the activities in the upper and lower phases should be equal to the 
activity in the mixed phases. If it is less than the activity in the mixed phases, it 
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indicates that some active enzyme has precipitated at the interface during phase 
separation. 
PMI activity UP + PMI activity LP = 0.44510 + 0.04379 = 0.49 Um1"1 
This value of PMI activity is for 1.0 ml upper phase plus 1.0 ml lower phase. 
Therefore, for 1.0 ml of these combined phases, activity = 0.49 = 0.25 Umr, 
2 
PMI activity in 1.0 ml of the mixed phases = [0.037111 xf 1000/251= 0.24 Uml-1 
6.2 
The sum of the PMI activity in the upper and lower phases is approximately the 
same as the PMI activity in the mixed phases. Therefore it can be concluded that 
the enzyme did not precipitate at the interface between the two phases when it was 
added to this phase system. Importantly, there appears to be no loss of activity 
after the enzyme has been subjected to the mixing and separating processes in the 
phase system. 
6.3.2. Studying the Effect of PMMI Supernatant Concentration on Phase 
Separation 
Four separate 10 g quantities of the 12.5% w/w PEG-1000: 12.5% w/w K2HPO4 
phase system were created using dilutions of the PMI fermentation supernatant 
and the separation times of each evaluated by measuring the positions of the 
interfaces when the phase system was allowed to undergo separation in a 10 ml 
measuring cylinder (refer to Section 6.2.4). Figures 6.3.2a, 6.3.2b, 6.3.2c and 
6.3.2d show the positions of the interfaces for each phase system over time. 
Complete phase separation is judged to have occurred when the two lines on each 
graph (representing the position of the interface between the upper phase and 
interphase, and between the lower phase and the interphase) merge together. 
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Figure 6.3.2a: Position of the interfaces between the lower phase and the 
interphase, and between the upper phase and the interphase of a 10 g 12.5% w/w 
PEG-1000: 12.5% w/w K2HPO4 ATPS created using distilled water. The phase 
system was shaken in a stopped 10 ml graduated measuring cylinder and allowed 
to phase separate over time. 
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Figure 6.3.2b: Position of the interfaces between the lower phase and the 
interphase. and between the upper phase and the interphase of a 10 g 12.5% w/w 
PEG-1000: 12.5% w/w K2HPO4 ATPS created using a 0.1 % dilution of a PMI 
fermentation supernatant. The phase system was shaken in a stopped 10 ml 
graduated measuring cylinder and allowed to phase separate over time. 
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Figure 6.3.2c: Position of the interfaces between the lower phase and the 
interphase. and between the upper phase and the interphase of a 10 g 12.5% w/w 
PEG-1000: 12.5% w/w K2HPO4 ATPS created using a 1.0% dilution of a PMI 
fermentation supernatant. The phase system was shaken in a stopped 10 ml 
graduated measuring cylinder and allowed to phase separate over time. 
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Figure 6.3.2d: Position of the interfaces between the lower phase and the 
interphase. and between the upper phase and the interphase of a 10 g 12.5% w/w 
PEG-1000: 12.5% w/w K2HPO4 ATPS created using a 10.0% dilution of a PMI 
fermentation supernatant. The phase system was shaken in a stopped 10 ml 
graduated measuring cylinder and allowed to phase separate over time. 
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The results in Figures 6.3.2b and 6.3.2c show that complete phase separation had 
occurred after 230 seconds for the 0.1% phase system and after 320 seconds for 
the 1.0% phase system, respectively. Figure 6.3.2d (the 10.0% phase system) did 
not phase separate, even after 30 minutes. 
It was concluded that whilst the 0.1 % phase system had separated, the large 
dilution of the PMI fermentation supernatant required to create this system made 
it impractical to use in the CPC separation. This is because the PMI enzyme in the 
fractions from such a separation would be so dilute as to be undetectable using the 
aforementioned assay. 
A decision was then made to introduce another purification step to the processing 
of the PMI before it was subjected to the CPC separation (refer to Section 6.2.5). 
6.3.3. Determination of the Protein Concentration in the CPC Loading 
Sample using the Bradford Assay 
A standard curve was created from the change in absorbance at wavelength 595 
nm for each standard solution of BSA; the concentrations used were between 0.25 
mgml-l and 1.5 mgm1-l (Figure 6.3.3a). 
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Figure 633a: Graph of absorbance at 595 nm against concentration of protein 
(mgml'1) for BSA standard solutions made with the upper phase of a 12.5% w/w 
PEG-1000: 12.5% w/w K2HPO4 ATPS. 
The absorbance at 595 nm of the CPC loading sample prepared in Section 6.2.5 
and diluted 1: 10 was measured and found to be 0.769 AU. 
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The equation of the straight line from the standard curve (Figure 6.3.3a) was used 
to calculate the protein concentration in the loading sample as follows: 
Abs of solution at 595 nm = (Line gradient x Protein conch) + Intercept 
[Equation 6.3.3a] 
y= (0.5866 x x) +0 
0.769 = 0.5866 xx 
x =1.31 mgml'1 
The concentration of protein in the 1: 10 dilution is 1.31 mgml-1 
Therefore, the concentration of protein in the loading sample =1.31 x 10 
= 13.10 mgmll 
The CPC experiments to separate lysozyme and myoglobin used loading samples 
of total protein concentration= 4.5 mgml'1. It was considered important to be able 
to compare the CPC centrifuge performance in the lysozyme and myoglobin 
separation with that from the PMI purification. For this reason, the PMI 
suspension was diluted 1: 3 with upper phase before being loaded onto the CPC 
column. 
63.4. Purification of PMI using the CPC Centrifuge 
The eluent from the column passed through the UV detector, which had been set 
at wavelength 280 nm. The signal from the detector was sent to and interpreted by 
the Picolog software to produce the chromatogram seen in Figure 6.3.4a. 
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Figure 6.3.4a: Screen capture of the chromatogram produced by the Picolog 
software from the purification of PMI using the CPC centrifuge. 
Experimental timings were recorded as follows (taking the start of chromatogram 
recording as 0' 00"): 
" MP breakthrough point: 55' 25" = 3325" 
" Volume of SP collected at MP breakthrough point: 349 ml 
" Equilibrium point: 68' 00" = 4080" 
" Volume of SP collected at equilibrium point: 373 ml 
The data from the UV detector was further analysed using Windows "Excel" 
software, reproducing the chromatogram that was then annotated to indicate the 
position of critical time points during the experiment (Figure 6.3.4b). 
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Figure 6.3.4b: Chromatogram created from data recorded during the purification 
of PM! using the CPC centrifuge. The figures in blue type are the timings of 
important events that occurred during the experiment. 
The stationary phase retention was calculated from the volume of stationary phase 
that had eluted from the column at a certain time points during the experiment 
(Table 6.3.4a). 
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6.3.5. Analysis of Fractions: Measurement of PMI Activity 
A standard curve was created from the change in absorbance at wavelength 340 
nm per minute for each standard solution of PMI; concentrations used were 
between 0.0005 mgml"1 and 0.5 mgml" (Figure 6.3.5a). 
0.4 
0.35 
0.3 
0.25 
u 
0.2 
a 0.15 
ö 0.1 
0.05 
0 
0 0.1 0.2 0.3 0.4 0.5 0.6 
PMI Concentration (mg(ml) 
Figure 6.3.5a: Change of absorbance at 340 nm over time (AUmin-1) for PMI 
standard solutions of concentrations 0.005 mgml-1 to 0.5 mgm1'. 
It can be concluded from Figure 6.3.5a that the linear range of the standard curve 
was between the PMI concentrations of 0.1 mgml'1(0.02861 AUmin 1) and 0.25 
mgml'1(0.279 AUmin 1). 
This information was used to determine which fractions had an active PMI 
concentration that was outside the linear range, and the PMI activity was 
calculated for each fraction: 
PMI activity in Uml'1= [Change in A3a/minj x 11000 µUCuvette sample in il 
Absorption coefficient for PMI 
[Equation 6.3.5a] 
Cuvette sample volume = 1000 µl 
Absorption coefficient for PMI = 6.2 
The results are shown in Table 6.3.5a. 
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From the data in Table 6.3.5a: 
Percentage recovery active PMI = Total PMI Activity in Fractions x 100 
PMI Activity in Loading Sample 
= 246.97 x 100 
292.83 
=84% 
6.3.6. Analysis of Fractions: Measurement of Total Protein Concentration 
A standard curve was created from the change in absorbance at wavelength 595 
nm for each standard solution of BSA; concentrations used were between 0.25 
mgml'1 and 1.5 mgml'1(Figure 6.3.6a). 
2 1 . 
1 -01000 
ya0.711x 
0 s 1 . wl a 
6 0 . 
a 
4 0 . 
0 2 . - 
0 
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 
Protein Concentration (mg/ml) 
Figure 6.3.6a: Graph of absorbance at 595 run against concentration of protein 
(mgml-') for BSA standard solutions made with the upper phase of a 12.5% w/w 
PEG-1000: 12.5% w/w K2HPO4 ATPS. 
The equation of the straight line in this graph was y=0.711 x x. This equation 
was used to calculate the total protein concentration in each fraction, and if the 
fraction had been diluted, a calculation made to give the total protein 
concentration in the undiluted fraction. This figure was then multiplied by the 
volume of the fraction, to give the mass of total protein in each fraction (Table 
6.3.6a). 
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Table 6.3.6a: Details of total protein present in the fractions and the loading 
sample from the CPC stage of PMI purification. N/A = not applicable. L/S = 
loading sample. 
Fraction or 
Loading 
Sample 
Name 
Conc° 
Total 
Protein 
(mgml') 
Dilution Conc° Total 
Protein - 
Corrected 
for Dilution 
m mr 
Fraction 
or 
Sample 
Volume 
(ml) 
Mass 
Total 
Protein 
(mg) 
Blank 0 N/A 0 N/A 0 
34+35(34) 0.00141 Neat 0.00141 19.0 0 
36+37(36) 0 Neat 0 18.9 0 
38+39(38) 0.39944 1 in 10 3.99437 18.6 74 
40+41(40) 0.34599 1 in 10 3.45992 18.8 65 
42+43(42) 0.30380 1 in 10 3.03797 18.2 55 
44+45(44) 0.20816 1 in 10 2.08158 18.4 38 
46+47(46 0.07032 1 in 10 0.70323 18.4 13 
48+49(48) 0.09001 1 in 10 0.90014 18.3 16 
50+51(50) 0.13924 Neat 0.13924 18.6 3 
52 + 53 (52) 0.09986 Neat 0.09986 18.5 2 
54+55(54) 0.09142 Neat 0.09142 18.5 2 
56+57(56) 0.07173 Neat 0.07173 18.75 1 
58+59(58) 0.06892 Neat 0.06892 18.6 1 
60+61(60) 0.04923 Neat 0.04923 18.7 1 
62+63(62) 0.02813 Neat 0.02813 18.5 1 
64+65(64) 0.03797 Neat 0.03797 18.5 1 
66+67(66) 0.02672 Neat 0.02672 18.5 0 
68+69(68) 0.02532 Neat 0.02532 18.5 0 
70 + 71 70 0.02532 Neat 0.02532 18.4 0 
72+73(72) 0.02532 Neat 0.02532 18.4 0 
74+75(74) 0.01828 Neat 0.01828 18.8 0 
76+77(76) 0.01828 Neat 0.01828 19.0 0 
Total 273 
us 0.53446 1 in 10 5.34459 43.0 230 
Percentage recovery total protein = Mass Total Protein in Fractions x 100 
Mass Total Protein in Loading Sample 
[Equation 6.3.6a] 
= 273 x 100 
230 
=119% 
This result indicates that there was complete recovery of protein from the CPC 
centrifuge. 
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6.3.7. Analysis of Fractions: Calculation of Specific Activity 
The specific activity of PMI in each fraction was calculated from the values for 
PMI activity and total protein concentration using the equation: 
Specific activity = PMI activity in fraction (Uml-1) 
Conch total protein in fraction (mgml'') 
[Equation 6.3.7a] 
This gave an indication of how much of the protein in each fraction was active 
PMI, and therefore a measure of the purity of PMI in that fraction. These results 
are shown in Table 6.3.7a. 
Table 6.3.7a: Specific activity in selected fractions and the loading sample from 
the CPC stage of PMI purification. 
Fraction or 
Loading Sample 
Name 
PMI Activity - 
Corrected for 
Dilution (Um! ) 
Conch Total 
Protein - 
Corrected for 
Dilution m mll 
Specific 
Activity 
(Umg1) 
Purification 
Factor* 
Blank 0 0 0 0 
34+35(34) 0.00005 0.00141 0.04 0.03 
36+37(36) 0.00039 0 0 0 
38+39(38) 3.90806 3.99437 0.98 0.77 
40+41(40) 3.18710 3.45992 0.92 0.72 
42+43(42) 3.58226 3.03797 1.18 0.93 
44+45(44) 1.86452 2.08158 0.90 0.71 
46+47(46) 0.60832 0.70323 0.87 0.69 
48+49(48) 0.16948 0.90014 0.19 0.15 
50+51(50) 0.01718 0.13924 0.12 0.09 
52+53(52) 0.00578 0.09986 0.06 0.05 
54+55(54) 
56+57(56) 
0.00230 
0.00113 
0.09142 
0.07173 
0.03 
0.02 
0.02 
0.02 
58+59(58) 0.00065 0.06892 0.01 0.01 
66+67(66) 0.00028 0.02672 0.01 0.01 
Loading Sample_ 6.80968 5.34459 1.27 N/A 
* Purification Factor = Specific Activity in Fraction [Equation 6.3.7b] 
Specific Activity in Loading Sample 
The results in Table 6.3.7a show that the majority of the active PMI enzyme is in 
fractions 38 to 47. 
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The PMI activity and concentration of total protein in the selected fractions were 
plotted (Figure 6.3.7a). giving the elution profile of the PMI and total protein from 
the CPC loading sample. This graph also indicates how the concentration of active 
PMI relates to the concentration of total protein during the elution process. The 
active PMI elutes at approximately the same time as the contaminant proteins 
from the loading sample (co - elution), and therefore there appear to be little 
separation of the PMI from these other proteins. 
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Figure 6.3.7a: PMI activity and concentration of total protein in selected fractions 
from the CPC stage of PMI purification. 
The fraction containing both the highest PMI activity (-4.0 Uml-) and 
concentration total protein (--4.0 mgml-1) was fraction 38/39. 
If the elution profile in Figure 6.3.7a is compared with the chromatogram from the 
experiment (Figure 6.3.4b). it can be seen that fraction 38/39 was collected just as 
the mobile phase breakthrough point occurred. A large proportion of the first and 
largest peak on the chromatogram relates to the elution of fractions 40/41,42/43, 
44/45 and 46/47. The second and third peaks on the chromatogram do not appear 
to relate to the elution profile of the proteins as shown in Figure 6.3.7a. It is 
possible that these smaller peaks were caused by the simultaneous elution of 
stationary phase with the mobile phase (stationary phase "stripping"), producing a 
turbidity in the eluent that was detected by the UV detector. The presence of 
suspected artefact peaks on a chromatogram illustrates the importance of 
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collecting the eluent as fractions for analysis using other methods, rather than 
relying solely on the information obtained from an on - line UV detector. 
The data can also be plotted as the specific activity in the selected fractions 
(Figure 6.3.7b) to show how the proportion of active PMI compared with total 
protein changed during the elution process. This graph indicates that there are five 
fractions: 38/39.40/41.42/43.44/45 and 46/47 where the proportion of active 
PMI in the fraction (compared with the contaminant proteins) is relatively high, 
and that in the combined fraction 42/43 the proportion of active PMI compared 
with the contaminant proteins is at its highest. 
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Figure 6.3.7b: Specific activity in selected fractions from the CPC stage of PMI 
purification. 
6.3.8. Analysis of Fractions: Gel Imaging and Densitometry 
The image obtained from scanning the SDS-PAGE gels is shown in Figure 6.3.8a. 
A large dark hand at 50 kDa in the pure PMI control lane indicates the position of 
the pure PMI; however it is interesting to note that this lane also contains four 
lighter hands. indicating at least four other proteins of differing molecular weights 
were present in the purified PMI sample supplied by Syngenta. 
No bands are visible in lanes 34/35 and 36/37, indicating that these fractions did 
not contain detectable quantities of protein. Lanes 38/39,40/41 and 42/43 each 
have a large dark band at the 50 kDa position, implying that these fractions have 
186 
20 30 40 50 60 70 80 
relatively large quantities of PMI. The presence of ten to twelve other bands of 
varying intensities in each of these lanes indicates that these three fractions also 
contain several contaminant proteins, although they are present in smaller 
quantities than the PMI. Lanes 44/45 and 46/47 both contain a light band at the 50 
kDa position, whilst the lane for fractions 48/49 has a barely visible band in the 
same position. Lanes 50/51 to 61/62 each contain four or five bands of varying 
intensities, one of which appears to be at the 50 kDa position, but these are barely 
visible. The presence of other, darker bands in each lane indicates that these 
fractions contain four or five contaminant proteins in greater quantities than PMI. 
The lane containing the loading sample does not have any visible bands. The 
likely cause of this was that the loading sample was too dilute for the proteins it 
contained to be visible on the gel. The loading sample was reanalysed, following 
the method detailed in Section 6.2.10, but omitting the trichloroacetic acid 
precipitation stage. The TCA precipitation stage was not required, as the pellet 
was re - suspended in buffer, not upper phase, and so there was no PEG present in 
the sample. Some of the pellet from the initial ammonium sulphate precipitation 
stage was re - suspended in 50 mM Tris buffer, and four volumes (estimated to 
contain 5,10,15 and 20 µg) total protein were subjected to SDS-PAGE. The 
result can be seen in Figure 6.3.8c. 
Densitometry analysis was carried out on the gels as in Section 6.2.11, and the 
results reported in Table 6.3.8b. 
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The results obtained by SDS-PAGE were quantified using densitometry. The 
densitometry software scanned each lane on the gel. The intensity of bands in 
each lane was measured and reported as peaks on a graph. The area under each 
peak was calculated and given as a percentage of the total area under all peaks 
corresponding to that lane. Table 6.3.8a shows the data from the densitometry 
analysis of fraction 40/4 1; it can be seen that band/peak number 6 had the greatest 
percentage peak area. Band/peak number 6 was at the 50 kDa position on the gel, 
which corresponds to the position of PMI on the gel. Therefore, it can be 
concluded that the PMI in fraction 40/41 had a purity of 85.7%. 
Table 6.3.8a: Results from the densitometry analysis of fraction 40/41. 
Band/Peak Number Peak Area Peak Area 
1 582.7 4.7 
2 242.6 1.9 
3 9.5 0.1 
4 142.4 1.1 
5 28.3 0.2 
6 10681.0 85.7 
7 37.9 0.3 
8 358.8 2.9 
9 236.5 1.9 
10 150.3 1.2 
Total 12470.0 100.0 
The peak area for the PMI band in each lane was plotted as a percentage of the 
total area of all bands in that lane (Figure 6.3.8b). This gives an indication of how 
PMI was distributed throughout the fractions collected during the experiment. 
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Figure 6.3.8b: PMI band intensity as a percentage of the total band intensity for 
each C'PC fraction subjected to SDS-PAGE and densitometry analysis. 
The lane corresponding to the CPC loading sample in the previous gel (Figure 
6.3.8a) did not contain any bands, the likely cause was that the loading sample 
was too dilute for the proteins it contained to be visible on the gel. As previously 
stated, the loading sample was reanalysed by SDS-PAGE, and the image obtained 
from scanning these gels is shown in Figure 6.3.8c. A large dark band at 50 kDa 
in the pure PMI control lane indicates the position of the pure PMI; however it is 
interesting to note that this lane also contains a number of lighter bands, indicating 
the presence of other proteins of differing molecular weights in the purified PMI 
sample supplied by Syngenta. 
The lane labelled "5 µg" contained a volume of the CPC loading sample sufficient 
to give an estimated 5 pg total protein in that lane. It can be seen that the darkest 
band in the lane is present at the 50 kDa position, indicating that the predominant 
protein present in this sample was PMI. The lane also contains numerous lighter 
bands. indicating the presence of contaminant proteins that are present in smaller 
quantities than the PMI protein. 
The lanes labelled "l0 tg". "15 µg" and "20 µg" contained volumes of the CPC 
loading sample sufficient to give an estimated 10,15 and 20 µg total protein in 
those lanes. respectively. Like the "5 µg" lane, the darkest band in each lane is 
present at the 50 kDa position. indicating that PMI was the predominant protein in 
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these samples. Each lane also contains numerous lighter bands indicating the 
presence of contaminant proteins. 
The lane labelled "PMI crude s/nat" contained a volume of the PMI supernatant as 
prepared in Section 6.2.2 ß. e. in the form supplied by Syngenta. It can be seen that 
PMI is the predominant protein present in the crude supernatant, together with 
numerous contaminant proteins. 
The lane labelled "S/nat from precip" contained a volume of the supernatant 
reserved from the ammonium sulphate precipitation stage, as described in Section 
6.2.5. The purpose of this precipitation stage is to remove from the sample all 
biomolecules except proteins. Therefore the supernatant from this stage should, 
ideally, not contain protein. However, as can be seen, there are small quantities of 
some proteins present in the supernatant. It is interesting to note that the band at 
the 50 kDa position is not the darkest band in this lane. This indicates that 
although the ammonium sulphate precipitation did cause some loss of PMI, there 
was a proportionally greater loss of a contaminant protein from the sample i. e. the 
ammonium sulphate precipitation partly purified the crude supernatant by 
removing an unwanted contaminant protein. This result is shown numerically in 
Table 6.3.8b, indicated by an asterisk (*). 
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The gel shown in Figure 6.3.8c was also subjected to quantitative densitometry 
analysis. It was the intention to analyse all the lanes on the gel, unfortunately the 
software used was not able to produce a result for the lanes containing pure PMI 
solution (labelled "PMI" on the gel), nor the lane containing the CPC loading 
sample of approximately 15 pg total protein. It is postulated that the large band 
present at the 50 kDa position in each of these lanes disrupted the analysis by the 
software. 
The peak area of the band located at the 50 kDa position in each relevant lane is 
shown in Table 6.3.8b. The peak area is reported as a percentage of the total area 
under all peaks in that lane. The number of bands detected by the software in each 
lane is also shown; this gives an indication of the number of other (contaminant) 
proteins present in the sample. 
Table 6.3.8b: Results from the densitometry analysis of the CPC loading sample 
from the CPC stage of PMI purification using SDS-PAGE. Samples 5 µg, 10 pg 
and 20 pg refer to increasing volumes of the CPC loading sample analysed by 
SDS-PAGE, so that the samples were estimated to contain 5,10 and 20 pg total 
protein respectively. The peak area is the peak area of the band at the 50 kDa 
position in each lane, given as a percentage of the total peak areas in that lane. 
The number of bands in that lane gives an indication of the number of 
contaminant proteins present in that sample. 
Sample Peak Area (%) Number of Bands 
Detected in Lane 
5 74.0 38 
10 64.7 37 
20 64.8 23 
PMI crude s/nat 53.7 29 
S/nat from precip 27.4* 14 
* This was the second - highest percentage peak area value for this lane; the 
highest was 43.8% for a protein with a slightly greater molecular weight than 
PM!. 
The results in Table 6.3.8b show that there is an increase in the percentage peak 
area of PMI in the loading sample(s) when compared with the percentage peak 
area of PMI in the PMI crude supernatant sample. It can therefore be concluded 
that the ammonium sulphate precipitation stage did partially purify the PMI by 
between 11.0% and 20.3%. 
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The discrepancy in the number of bands (and therefore number of proteins) in the 
5,10 and 20 pg CPC samples can be explained by band merging; in the 20 µg 
sample, the larger quantities of protein means that the bands in that lane start to 
merge together, thus decreasing the number of visible bands. This leads to a 
decreased number of proteins being detected, despite still being present in the 
sample. 
The effectiveness of the CPC stage in the purification of PMI can be assessed by 
comparing the percentage peak area of the PMI in the CPC fractions when 
subjected to SDS-PAGE with that of the CPC loading sample. Table 6.3.8a shows 
that the PMI in fraction 40/41 (the fraction with the greatest purity of PMI) had a 
percentage peak area of 85.7%. Table 6.3.8b shows that the PMI in the CPC 
loading sample had a percentage peak area of between 64.7% and 74.0%. This 
means that the purification of the PMI achieved by the CPC stage was between 
approximately 11.7% and 21.0%. 
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6.4. Conclusions 
The recovery of active PMI enzyme from the CPC process was a reasonable 84%, 
and the recovery of total protein was 119%. This last figure shows that proteins 
did not adhere to the internal surfaces of the CPC centrifuge. 
It can be concluded from the SDS-PAGE of the fractions (Figure 6.3.8a) that the 
majority of the PMI protein has eluted in three fractions collected soon after the 
mobile phase breakthrough point; this was as expected, given that the Distribution 
Ratio for PMI in this phase system had a value of 10. Very small quantities of 
PMI, together with various contaminant proteins, eluted over the following 18 
minutes of the experiment. This indicates that there has been some purification of 
the PMI protein away from the contaminant proteins. However, the three PMI 
fractions also contain some contaminant proteins. This conclusion is strengthened 
by the results from the densitometry of these gels (Figure 6.3.8b). 
It can be concluded from the SDS-PAGE of the loading sample (Figure 6.3.8c) 
that the ammonium sulphate precipitation step did itself partially purify the PMI. 
It can also be concluded from comparing the SDS-PAGE gel densitometry data of 
the fractions and the CPC loading sample that CPC was successful to a degree in 
the purification of PMI from its fermentation supernatant. 
However, the current methods used by Syngenta produce PMI with a purity of 
98.5%; the CPC stage, whilst replacing the two solid - liquid stages of 
chromatography used by Syngenta with one liquid - liquid chromatography stage 
produced PMI with a maximum purity of only 85.7%. 
It may be possible to enhance this figure by selecting a different ATPS that 
provides better separation of the PMI away from the contaminant proteins. 
Analysis of fractions by SDS-PAGE and densitometry has limitations. For 
example, the method distinguishes proteins only according to their molecular size 
or weight, and co - migrating proteins are not distinguished from one another i. e. 
a band on the gel may contain more than one protein of the same, or very similar, 
molecular weight. One way of determining the number of different proteins in a 
sample would be to employ a technique such as isoelectric focusing, which 
separates proteins on the basis of size and charge. The purpose of this project was 
to purify one target protein (PMI) from a complex mixture of proteins. It was not 
deemed necessary to determine the identity of the contaminant proteins, and so 
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methods such as isoelectric focusing were not employed. It is of course possible 
that the band at the 50 kDa position contains proteins other than PMI. The specific 
activity values for fractions where PMI has concentrated indicate that this may be 
the case. 
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Chapter 7- Summary, Discussion and Further Research 
7.1. Stationary Phase Retention Studies on J- Type CCC Centrifuges 
(Chapter 3) 
Chapter 3 focussed on the behaviour of a 12.5% w/w PEG-1000: 12.5% K2HPO4 
aqueous two - phase system in aJ- type CCC centrifuge, with the aim of 
identifying the operational parameters that would yield the greatest stationary 
phase retention values. This phase system was specifically selected as one which 
had been extensively studied in other CCC centrifuges; its use here would allow 
comparisons to be drawn on the performance of different centrifuges. Good 
stationary phase retention in the column is a requirement for successful 
chromatographic separations, and previous work in the liquid - liquid 
chromatography field shows that stationary phase retention varies considerably 
from system to system. The stationary phase retention in a 1.6 mm bore column 
fitted to the "MILLI #1" J- type centrifuge was measured at intervals throughout 
each experiment, thus giving an indication of the stability of the stationary phase 
within the column over time. The results showed that the conditions giving the 
highest overall stationary phase retention also caused the largest loss of stationary 
phase during the experiment, indicating unstable conditions within the column. A 
set of conditions was identified that gave minimal loss of stationary phase during 
the experiment, plus moderate overall stationary phase retention; these conditions 
were selected to take forward into the work to separate a mixture of the proteins 
lysozyme and myoglobin. 
The stationary phase retention of this model aqueous two - phase system was 
markedly lower than the retention of aqueous - organic phase systems that have 
previously been studied in these centrifuges. This may be attributed to its lower 
interfacial tension, its smaller density difference between the two phases, and the 
greater viscosity of the phases. In particular, the higher viscosity of the PEG - rich 
phase, coupled with the relatively small bore tubing of the 1.6 mm column may 
also have influenced the results. 
A further investigation to test these hypotheses could examine the stationary 
phase retention of a number of different aqueous two - phase systems in this 
centrifuge, using columns of different bore sizes. These different phase systems 
could be made from PEG of different molecular weights (e. g. PEG-600; PEG- 
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3000; PEG-6000). Such phase systems would have different physicochemical 
properties from the model system that was used in this study, and such further 
work would have the potential to identify a phase system that exhibits more 
favourable stationary phase retention behaviour in the J- type CCC centrifuges. 
7.2. Separation of the Proteins Lysozyme and Myoglobin using J- Type CCC 
Centrifuges (Chapter 4) 
The optimal experimental parameters for the operation of aJ- type centrifuge that 
were identified in Chapter 3 were used in this part of the study to separate a 
mixture of the proteins lysozyme and myoglobin. The distribution ratios of these 
proteins in this phase system were measured and found to be sufficiently different 
from each other to allow (in theory) full separation to occur in the CCC process. 
Columns of bore 2.7 mm and 4.0 mm were used, as it was proposed that 
increasing column bore would facilitate the mixing and settling process required. 
for good protein resolution. 
The variable parameter in these experiments was mobile phase flow rate, which 
was adjusted to allow for the increase in column bore; all other parameters 
remained constant between experiments. 
It was found that reducing the mobile phase flow rate increased both stationary 
phase retention and protein resolution; increasing column bore did not increase 
protein resolution. However, complete separation of the two proteins was not 
achieved. The proteins tended to elute closer to the K =1 point than their 
predicted elution points; this indicates insufficient mixing of the proteins in the 
column. It was considered that the wave - like behaviour of the two phases in the 
column, as visualised in the work on the spiral coil (Guan et al, 2007), was 
insufficient for the proteins to achieve their theoretical partition coefficients 
within the column. This factor, combined with the poor stationary phase retention, 
gave rise to poor protein resolution. 
Increasing the mobile phase flow rate did not appear to change the nature of the 
mixing process within the column. It was considered that increasing the 
gravitational force on the column (by increasing the rotational speed) might 
enhance the mixing process, but higher rotational speeds could only be achieved 
using a specially - designed coil. However, it was decided at this point to put the 
study of the J- type centrifuges aside in favour of concentrating on a different 
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type of CCC, namely centrifugal partition chromatography, in which the mixing 
process was considered to be more effective than that exhibited in the J- type 
centrifuges. 
7.3. Separation of the Proteins Lysozyme and Myoglobin using a CPC 
Centrifuge (Chapter 5) 
The study of the behaviour of lysozyme and myoglobin in two J -type CCC 
centrifuges showed that this type of centrifuge was unable to resolve a mixture of 
these proteins. It was thought that the main reason for this was the wave - like 
interaction of the two phases in the column provided insufficient mixing for 
protein separation. Another contributory factor was the unstable conditions in the 
columns led to poor stationary phase retention. 
It was considered that these problems could be overcome by using a CPC 
centrifuge, in which the mobile phase cascades through the stationary phase. This 
would afford a greater degree of phase mixing than the J- type centrifuge. 
The model ATPS used in the stationary phase retention studies and in the J- type 
centrifuge studies was then employed in a 500 ml capacity column of a CPC 
centrifuge. The effect of variable parameters such as rotational speed, mobile 
phase flow rate, type of mobile phase, and loading sample volume were explored, 
and a set of optimal conditions for protein separation was identified. Baseline 
separation of the proteins was achieved, with the elution times being as predicted 
from the theoretical partition coefficients. This was in contrast to the elution of the 
proteins from the J- type centrifuge, where protein elution was non - theoretical. 
The optimal conditions for protein-separation on the 500 ml CPC centrifuge were 
applied to a scale - up experiment which also yielded complete protein separation. 
Overall, the resolution of lysozyme and myoglobin in the CPC centrifuge was 
superior to that in the J- type centrifuge. 
A number of observations can be made on the study of lysozyme and myoglobin 
in the selected model ATPS when applied to both the J- type and CPC 
centrifuges. 
The first is that lysozyme and myoglobin showed limited solubility in the model 
phase system. If the concentration of protein exceeded 2.5 mgml'1, protein 
precipitation occurred. This contrasted with previous studies (Ito et al, 2003) 
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where protein concentrations of 20 mgml"1 were reported. Such high 
concentrations, with the possibility of un-dissolved protein, were not used because 
of concerns this might block the centrifuges and/or ancillary tubing. Ito et al used 
sonication to create high protein concentrations; sonication was not employed 
because it can cause the denaturation of proteins. However, it is important to find 
phase systems that can dissolve proteins at higher concentrations, as industry now 
requires high throughput purification techniques, and so greater protein 
concentrations in loading samples would almost certainly be a requirement in 
satisfying this demand. 
The wave - like mixing behaviour of the aqueous two - phase system in the J- 
type centrifuges proved insufficient to allow full separation of the proteins, 
whereas the cascade mixing featured in the CPC centrifuge resolved the proteins 
fully. 
It was considered that cascade mixing could be created in the J -type centrifuges 
if they were fitted with toroidal, rather than multi - layer coils. The Brunel team 
has now designed and produced such a coil. Preliminary results (Guan et al, 2008: 
paper currently under review, refer to Appendix 3) from work using aqueous two 
- phase systems have given promising separations of the lysozyme/myoglobin 
mixture with elution times as predicted from the theoretical partition coefficients. 
7.4. Purification of Phosphomannose Isomerase using a CPC Centrifuge 
(Chapter 6) 
One objective of this thesis was to attempt the purification of at least one plant - 
based protein supplied by the industrial sponsor of the study, Syngenta Limited. 
Retention of biological activity by the protein during the separation process was 
critically important, as a separation technique that causes significant loss of 
biological function cannot be employed by industry. 
The superior performance of the CPC centrifuge in resolving a mixture of 
lysozyme and myoglobin made this instrument the best candidate of the two 
centrifuges to purify phosphomannose isomerase from a fermentation supernatant. 
The same phase system used in the previous chapters was applied to the PMI 
purification, as its behaviour in the CPC centrifuge was known from the 
lysozyme/myoglobin studies. Thus the phase system was not selected to optimise 
the distribution ratios of the target protein and the contaminant proteins. A 
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supernatant containing PMI was prepared from cell paste. Preliminary studies 
showed that this preparation contained contaminants that were causing 
emulsification of the two - phase system. An ammonium sulphate precipitation 
step was introduced, and the resulting supernatant, after appropriate dilution, was 
loaded onto the CPC centrifuge. 
The fractions collected were analysed to detect the presence of active PMI and 
total protein. This showed that the active PMI eluted in a number of fractions, but 
these fractions also contained other proteins. SDS-PAGE and gel densitometry 
was also employed in the analysis of the fractions. This showed that the CPC 
stage produced a purification of between 11% and 21% in one of the fractions; 
other fractions had much reduced purity. Importantly, the recovery of active 
enzyme was 84%, demonstrating that this particular enzyme was not damaged by 
the CPC process. 
It can be concluded that the CPC process produced partial purification of the 
target protein, but it did not isolate PMI to the high level of purity currently 
achieved by Syngenta using solid - liquid chromatography. However, the phase 
system used had not been optimised for protein purification, and it is possible that 
a phase system designed specifically to isolate and purify PMI from the 
contaminant proteins contained in the fermentation supernatant would enhance the 
level of purity beyond what was achieved in this study. 
7.5. Concluding Remarks 
The aim of this thesis was to develop protein separations in aqueous two - phase 
systems on the Brunel/DE J- type CCC centrifuges. This study has shown that 
the wave - like mixing generated by these centrifuges, which works effectively 
for small molecules in aqueous - organic phase systems, is not sufficient to 
achieve protein separation in aqueous two - phase systems. Application of another 
type of countercurrent chromatography (CPC), with its cascade phase mixing, 
gave good protein separation and theoretical behaviour. This experiment was 
successfully scaled up from a 0.5 litre column to a 12.5 litre column. The same 
technology was applied to purifying a protein from a cell paste supernatant; this 
proved to be only marginally successful, although the biological function of the 
protein was retained. 
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This study of the performance of the J- type and CPC centrifuges resulted in the 
design and production of a toroidal coil that was fitted to a Brunel/DE J- type 
CCC centrifuge. This type of coil offers the advantages of the J- type centrifuge 
(the column is constructed from a continuous length of tubing, and therefore 
relatively easy to clean), and the toroidal design produces cascade mixing for 
effective protein separation. 
The use of aqueous two - phase systems in countercurrent chromatography has, 
like every technique, both advantages and drawbacks. The ability of these phase 
systems to retain the biological function of proteins is offset by the limited 
solubility they offer, and phase systems that allow higher protein concentrations 
will be required for successful, large - scale protein purification. 
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Appendices 
Appendix 1- Chromatograms and HPLC Graphs from the Separation of the 
Proteins Lysozyme and Myoglobin using J- Type CCC Centrifuges 
(Chapter 4) 
The chromatograms and HPLC graphs from all the experiments to separate 
lysozyme and myoglobin in the J- type CCC centrifuges are shown in Figures 
I A-a to 1A -j. In all the experiments: 
" Rotational speed = 1800 rpm 
" LP=MP 
" Sample volume = 2.32 ml (5.0% CV) 
" Pumping of the mobile phase commenced at time zero. 
" The recording of data began at 1.5 minutes. 
" The mobile phase breakthrough point caused mixing of the two phases in 
the eluent that appears as the first peak on the chromatogram (the operator 
also observed at this point drops of mobile phase eluting from the column 
together with the stationary phase). 
" The sample was injected onto the column after the MP breakthrough point 
at the time indicated on each chromatogram (the pre - equilibration 
method). 
" Fraction collected commenced immediately, and continued until the end of 
the experiment. 
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Appendix 2- Chromatograms and HPLC Graphs from the Separation of the 
Proteins Lysozyme and Myoglobin using the Armen CPC Centrifuge 
(Chapter 5) 
The chromatograms and HPLC graphs from all the experiments to separate 
lysozyme and myoglobin in the Armen CPC centrifuge are shown in Figures 2A-a 
to 2A-t. The results have been arranged so that one experimental parameter is 
reported and examined in each section, as follows: 
Figures 2A-a and 2A-b: Chromatograms from the experiment to determine the 
influence of column pre - equilibration before sample injection. 
Figures 2A-c to 2A-f: Chromatograms from the experiments to determine the 
influence of the centrifuge operation mode; ascending mode (upper phase as the 
mobile phase). This experiment was performed in duplicate: Figures 2A-c and 
2A-d show results from the first experiment; Figures 2A-e and 2A-f show results 
from the second experiment. 
Figures 2A-g and 2A-h: Chromatograms from the experiment to determine the 
influence of the centrifuge operation mode; descending mode (lower phase as the 
mobile phase). 
Figures 2A-i and 2A-j: Chromatograms from the experiment to determine the 
influence of decreasing the mobile phase flow rate to 5.0 mlmiri'. 
Figures 2A-k and 2A-1: Chromatograms from the experiments to determine the 
influence of centrifuge rotational speed (rotational speed 1000 rpm). 
Figures 2A-m and 2A-n: Chromatograms from the experiments to determine the 
influence of centrifuge rotational speed (rotational speed 3000 rpm). 
Figures 2A-o and 2A-p: Chromatograms from the experiments to determine the 
influence of the loading sample volume (loading sample volume 21.5 ml = 5.0% 
CV). 
Figures 2A-q and 2A-r: Chromatograms from the experiments to determine the 
influence of the loading sample volume (loading sample volume 43.0 ml = 10.0% 
CV). 
Figures 2A-s and 2A-t: Chromatograms from the experiments to determine the 
influence of the loading sample volume (loading sample volume 86.0 ml = 20.0% 
CV). 
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Some graphs could be placed in more than one section, as they show the results of 
more than one comparable parameter. However, each graph is reported just once 
to minimise repetition. 
In all the experiments: 
" The recording of data commenced at time zero. 
9 The mobile phase breakthrough point caused mixing of the two phases in 
the eluent that appears as a peak on the chromatogram (the operator also 
observed at this point drops of mobile phase eluting from the column 
together with the stationary phase). 
" Fraction collected commenced simultaneously with sample injection, and 
continued until the end of the experiment. 
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column pre - equilibration before sample injection. The experimental parameters 
were: rotational speed 2000 rpm; MP flow rate 5.0 mlmin-'; LP was the MP 
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Figure 2A-b: Chromatogram created from HPLC analysis of fractions from the 
experiment to determine the influence of column pre - equilibration before 
sample injection. The ex? erimental parameters were: rotational speed 2000 rpm; 
MP flow rate 5.0 mlmin- ; LP was the MP (descending mode); sample volume 
was 8.0 ml (1.86% CV). The column was pre - equilibrated before the sample 
was injected. 
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Figure 2A-c: Chromatogram from an experiment to determine the influence of 
the centrifuge operation mode. The experimental parameters were: rotational 
speed 2000 rpm: MP flow rate 10.0 mlmin-I; sandwich injection; sample volume 
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Figure 2A-d: Chromatogram created from HPLC analysis of fractions from the 
experiment to determine the influence of the centrifuge operation mode. The 
experimental parameters were: rotational speed 2000 rpm; MP flow rate 10.0 
mlmin-'; sandwich injection: sample volume was 8.0 ml (1.86% CV). The 
centrifuge was operated in ascending mode, using the UP as the MP. 
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Figure 2A-e: Chromatogram from an experiment to determine the influence of 
the centrifuge operation mode. The experimental parameters were: rotational 
speed 2000 rpm. MP flow rate 10.0 mlmin-1; sandwich injection; sample volume 
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the UP as the MP. 
ö0 4.5 
ý4 fi s 3.5 
3 
2.5 
2 
5 1.5 
4 it 21 
ö 0.5 
0 
600 1100 1600 2100 2600 3100 3600 4100 4600 5100 
k=lyso 1 
k=1 k=myo 
ý- Lymzyme Time from Start ofChromatogram Recording (Seconds) Apomyoglobin 
-. - Myo globin 
Figure 2A-f: Chromatogram created from HPLC analysis of fractions from the 
experiment to determine the influence of the centrifuge operation mode. The 
experimental parameters were: rotational speed 2000 rpm; MP flow rate 10.0 
mlmin-'; sandwich injection; sample volume was 8.0 ml (1.86% CV). The 
centrifuge was operated in ascending mode, using the UP as the MP. 
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Figure 2A-g: Chromatogram from an experiment to determine the influence of 
the centrifuge operation mode. The experimental parameters were: rotational 
speed 2000 rpm; MP flow rate 10.0 mlmin-I; sandwich injection; sample volume 
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the LP as the MP. 
25 äo 
2 
U 
1.5 
d 
1 
0.5 
w 
O 
W0 
*. 
0 pop 
'; 1900 2aa 1 2900 3400 3900 4400\ 4900 5400 5900 6400 
k= 1 k=lyso 
k=myo LyzzWne 
Time from St art ofChmmatogramRecoi ing(Setonds) 
4 
4 Apomyoglobän 
-o-- Myo gbbän 
Figure 2A-h: Chromatogram created from HPLC analysis of fractions from an 
experiment to determine the influence of the centrifuge operation mode. The 
experimental parameters were: rotational speed 2000 rpm; MP flow rate 10.0 
mlmin-': sandwich injection: sample volume was 8.0 ml (1.86% CV). The 
centrifuge was operated in descending mode, using the LP as the MP. 
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Figure 2A-j (also shown in Figure 5.3.1b): Chromatogram created from HPLC 
analysis of fractions from the experiment to determine the influence of decreasing 
the MP flow rate to 5.0 mlmin-'. The experimental parameters were: rotational 
speed 2000 rpm; LP was the MP (descending mode); sandwich injection; sample 
volume was 8.0 ml (1.86% CV). The MP flow rate was 5.0 mlmin-1. 
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Figure 2A-k: Chromatogram from the experiments to determine the influence of 
centrifuge rotational speed. The experimental parameters were: MP flow rate 10.0 
mlmin-': LP was the MP (descending mode); sandwich injection; sample volume 
was 8.0 ml (1.86°/o CV). The rotational speed was 1000 rpm. 
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Figure 2A-I: Chromatogram created from HPLC analysis of fractions from the 
experiments to determine the influence of centrifuge rotational speed. The 
experimental parameters were: MP flow rate 10.0 mlmin-1; LP was the MP 
(descending mode): sandwich injection; sample volume was 8.0 ml (1.86% CV). 
The rotational speed was 1000 rpm. 
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Figure 2A-m: Chromatogram from the experiments to determine the influence of 
centrifuge rotational speed. The experimental parameters were: MP flow rate 10.0 
mlmin"'; LP was the MP (descending mode); sandwich injection; sample volume 
was 8.0 ml (1.86% CV). The rotational speed was 3000 rpm. 
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Figure 2A-n: Chromatogram created from HPLC analysis of fractions from the 
experiments to determine the influence of centrifuge rotational speed. The 
experimental parameters were: MP flow rate 10.0 mlmin I; LP was the MP 
(descending mode); sandwich injection; sample volume was 8.0 ml (1.86% CV). 
The rotational speed was 3000 rpm. 
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Figure 2A-o: Chromatogram from the experiments to determine the influence of 
loading sample volume. The experimental parameters were: rotational speed 2000 
rpm: MP flow rate 10.0 mlmin" : LP was the MP (descending mode); sandwich 
injection. The sample volume was 21.5 ml or 5.0% of the column volume. 
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Figure 2A-p: Chromatogram created from HPLC analysis of fractions from the 
experiments to determine the influence of loading sample volume. The 
experimental parameters were: rotational speed 2000 rpm; MP flow rate 10.0 
mlmin": LP was the MP (descending mode); sandwich injection. The sample 
volume was 21.5 ml or 5.0% of the column volume. 
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Figure 2A-q: Chromatogram from the experiments to determine the influence of 
loading sample volume. The experimental parameters were: rotational speed 2000 
rpm. MP flow rate 10.0 mlmin" ; LP was the MP (descending mode); sandwich 
injection. The sample volume was 43.0 ml or 10.0% of the column volume. 
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Figure 2A-r: Chromatogram created from HPLC analysis of fractions from the 
experiments to determine the influence of loading sample volume. The 
experimental parameters were: rotational speed 2000 rpm; MP flow rate 
10.0 mlmin-1; LP was the MP (descending mode); sandwich injection. The sample 
volume was 43.0 ml or 10.0% of the column volume. 
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Figure 2A-s: Chromatogram from the experiments to determine the influence of 
loading sample volume. The experimental parameters were: rotational speed 2000 
rpm: MP flow rate 10.0 mlmi« : LP was the MP (descending mode); sandwich 
injection. The sample volume was 86.0 nil or 20.0% of the column volume. 
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Figure 2A-t: Chromatogram created from HPLC analysis of fractions from the 
experiments to determine the influence of loading sample volume. The 
experimental parameters were: rotational speed 2000 rpm; MP flow rate 
10.0 mlmin-1: LP was the MP (descending mode); sandwich injection. The sample 
volume was 86.0 ml or 20.0% of the column volume. 
40 1340 1840 2340 2840/13340 3840 4340 4840 5340 5840 
k=myo 
I 
k=lyso 
k=1-. - Lysozyme 
Tune from Start of Chromatogram Rec oring (Sec onds) 4 Apo myo globe 
0 Myoglobin 
220 
Appendix 3- Papers Written 
Results from this research project contributed to the following papers: 
Sutherland I. A., Audo G., Bourton E., Couillard F., Fisher D., Garrard I., 
Hewitson P. and Intes 0. (2008) Rapid Linear Scale - Up of a Protein Separation 
by Centrifugal Partition Chromatography. Journal of Chromatography A 1190 (1- 
2), 57-62. 
Abstract 
The scaling up of the separation of two proteins with an aqueous two - phase 
system (ATPS) from 176 mg with a 500 ml laboratory scale CPC column to 2.2 g 
with a 6.25 L pilot scale column is presented. A model sample system of a 
mixture of lysozyme and myoglobin was chosen for this study using an ATPS 
system comprising 12.5% w/w PEG-1000: 12.5% w/w K2HPO4. It was found that 
the maximum sample concentration possible without precipitation was 2.2 mgml'1 
for each constituent. Optimisation of rotor speed, mobile phase flow rate and 
sample loading was performed on a laboratory scale device. It was found that a 
centrifuge speed of 2000 rpm (224 `g'), 10 mlmin 1 mobile phase flow rate with a 
43 ml (10% of active column volume) sample volume gave optimum operating 
conditions. 
This was linearly scaled up to pilot scale by increasing mobile phase now rate, 
fraction size and sample loading in the ratio of the system capacities (i. e. 12.5: 1). 
Flow rate was therefore increased from 10 mlmin'1 to 125 mlmin 1, fraction size 
from 10 ml to 125 ml and sample loading from 43 ml to 500 ml. Rotor speed 
however was reduced from 2000 rpm on the laboratory device to 1293 rpm on the 
pilot scale device to maintain the same 224 `g' field in each chamber, as the pilot 
scale CPC unit has a larger rotor radius than the laboratory one. Resolution 
increased from Rs = 1.28 on the 500 ml rotor to Rs = 1.88 on the 6.25 L rotor, 
giving potential throughputs in batch mode of over 40 g/day. 
Guan Y. H., Bourton E. C., Hewitson P., Sutherland I. A. and Fisher D. (2008) The 
Importance of Column Design for Scalable Protein Separation using Aqueous 
Two - Phase Systems on J- Type Countercurrent Chromatography. Separation 
and Purification Technology (Revised version under review). 
Abstract 
The separation of lysozyme and myoglobin has been used as a model system with 
which to study protein separation in aqueous two - phase systems (ATPS) 
containing 12.5% w/w PEG-1000 and 12.5% w/w K2HPO4 in Brunel multilayer J 
- type countercurrent chromatography (CCC) centrifuges, where wave mixing 
pertains. Poor separations of the proteins with this type of CCC columns were 
observed in ATPS and the proteins did not elute as predicted from their 
equilibrium partition coefficients. As mass transfer of the proteins appeared to be 
a limiting factor, methods of improving mixing of the phases in the J- type CCC 
were explored. This has led to the design, construction and application of a 
toroidal column fitted to the Brunel Dynamic Extraction Centrifuge, providing 
pseudo - hydrostatic CCC in which much improved mixing for the stationary and 
mobile phases was obtained. In this toroidal column the protein mixture was 
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separated with the locations of the protein peaks being consistent with those 
predicted by the partition coefficients. This toroidal coil system will form the 
basis for optimisation studies and scaling up separations. 
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